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SECTION 1. 0 INTRODUCTION 

The need for a reliable, long-lived, and efficient water electrolysis 
unit for closed-cycle life-support systems has prompted a number of development 
programs encompassing both acid and alkaline technologies. Early acid systems 
using liquid sulfuric or phosphoric acid electrolytes suffered a significant performance 
penalty, as compared with alkaline systems, in that they required considerably more 
power to generate a given amount of oxygen. Both acid and alkaline systems with liq- 
uid electrolyte have also encountered problems with leakage, materials compatibility, 
performance stability, and life. 

In March, 1970, NASA Langley Research Center awarded a contract 
(NAS 1-9750) to General Electric Company, Direct Energy Conversion Programs, 
Wilmington, Massachusetts (then located in Lynn, Massachusetts) to investigate the 
use of the solid pol 3 rmer electrol 5 rte (SPE) technology in a water electrolysis system 
to generate oxygen and hydrogen for manned space station applications. The long life 
and stable performance of the SPE electrolysis concept was demonstrated by four 
separate laboratory cells operating approximately 9000 hours each and a seven cell 
module (two-man O 2 rate) accumulating 11,000 operating hours all without failure. 
Under this program, a one-man rated breadboard SPE water electrolysis system 
(WES) was developed and demonstrated the performance/life characteristics of the 
SPE electrolysis technology. In addition, the program culminated in the fabrication 
of the major components for a four -man rated breadboard oxygen generation system. 
This program was completed in August 1972, with results documented in a final . 
report NASA CR-112183 dated August 1972. 
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In October 1972, the present program, consisting of two phases, was 
initiated. Phase I utilized the previously fabricated major components, where appro- 
priate, and fabricated and tested a four -man rated, low pressure breadboard WES 
with the necessary instrumentation and controls. A photograph of this system is shown 
in Figure 1. Phase II encompassed the development of a six -man rated, high pressure, 
high temperature, advanced preprototype WES. This configuration included the design 
and development of an advanced water electrolysis module, capable of operation at 
2758 kN/m^ (400 psig) and 366. 5K (200OF), and a dynamic phase separator /pump in 
place of a passive phase separator design. Major components and instruments meeting 
design requirements of this system, were utilized from previous WES contract work. 
The six-man rated advanced WES was contained in the control cabinet and fluid package 
shown in Figure 2. Evaluation of this system demonstrated the goal of safe, unattended 
automatic operation at high pressure and high temperature with an accumulated gas 
generation time of over 1000 hours. Work under this contract was concluded in June 
1975. 

During the period of this contract (approximately 2 1/2 years), support 
was also provided to two other water electrolysis development programs of NASA. 
System performance mapping tests were performed on the four -man WES, including 
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Figure 1. Four-Man Breadboard WES Facility 
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Figure 2. Six-Man Advanced Water Electrolysis System Control 
Cabinet and Fluid Package 
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exploratory, off -design conditions to provide design data in support of the Space Sta- 
tion Prototype (SSP) Oxygen Generation Subsystem design. Also, the six -man WES 
was tested in different operating modes to provide design information in support of 
the development of the WES demonstrator unit for the Life Sciences Payload Program, 
Contract No. NAS 9-14205. 
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SECTION 2. 0 LOW PRESSURE BREADBOARD. WATER ELECTROLYSIS 
SYSTEM (WES) 


The WES components developed and fabricated under Contract NAS 
1-9750 were designed to be capable of continuous oxygen generation equivalent to a 
nominal four -man rate basis of 4. 54 kg/ day (10 lb 02/day), with a maximum nominal 
capacity equivalent to a six -man rate. Wherever possible and as directed by the 
contract, standard commercial materials and components were selected to provide 
functional, demonstration compliance at minimal cost and delivery schedule. It should 
be noted therefore, that these breadboard components would require, modification and 
redesign in order to provide flight-worthiness to withstand ”hard" environment launch 
vibration, shock and acceleration along with weight and volume reductions, mounting 
configuration, producibility and maintainability considerations. 

2. 1 Specification 

A ''guideline” specification for design capability of the four-man rated, 
low pressure breadboard WES is outlined in Table I. 

2.2 Configuration 

Figure 3 is a fluid schematic of an SPE water electrolysis system 
showing the basic arrangement of the breadboard components. It should be realized 
that additional control components and instrumentation would be necessary for auto- 
matic control, performance monitoring, fault isolation, shutdown and safety 
considerations. 

Primary fluid and electrical interfaces to the WES are: 

28 VDC to Control Panel 

28 VDC to Inverter 

115 VAC, 60 Hz to Control Panel 

80 psia nitrogen as necessary for scavenging hydrogen overboard 
(in and out) 

Water Coolant (in and out) 

Make-up (feedwater) (in) 

Hydrogen (out) 

Oxygen (out) 

As shown in Figure 3, feed water is supplied to the WES at a make-up 
water rate of approximately 5. 13 kg/day (11. 3 Ib/day) and 69 kN/m^ (10 psig) for an 
oxygen generation rate of 4. 5 kg/day (10 Ib/day). The water enters the WES through 
a check value which prevents reverse flow when the system is shutdown at normal 
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TABLE I 

GUIDELINE SPECIHCATION FOR FOUR-\LA.N RATED. LOW PRESSURE. 
WATER ELECTROLYSIS SYSTEM fWES) 

WES Capacity 

10 Ib/day {4. 34 icfi/day) oxygen (nominal four -man rate - continuous). 

Equivalent 73 amp oxygen generation (maximum) - cyclic usage op to 16 hours "on"/ 
3 hours "off'. 


WES Gas .Purity 

Oxygen Generation 

99. 7% min. O 2 
0. 1^5 mas. H2 
Remainder - Not defined. 

Hydrogen Generation 

99. 3% min. H 2 
0. Z% max. Oi 
Remainder - Not defined. 

NASA -Maintained Downstream Gas Pressures of WES 

Oxygen Subsystem: l A 7 psia (lOi. 4 kN/m2) or less. 
Kj'irogen Subsystem: 20 I 5 psia (137, 9 t 33 tcN/m^i). 

Mafce-<io Water (Eeed Waterj A'/ailable to WES 

Temperature: +40 to -^170*? (277. 6 to 350K). 
Pressure; 23 i 5 psia (172 t 35 kN/m^^). 


Water Puritv: 


Bacteria 


Fungii 

Molds 

Coolant Available to WES 
Fluid; 

Temperature: 

Pressure; 

Flow: 

Nitrogen .Available to WES 
Pressure: 


< IQO ppm by weight solids (assume ionic species). 

< 30 micromhos/om specific conductance (12, 500 ohm -cm max. 
specific resistance). 

Pseudomonas .Aeruginosa 10 counts/cc 
Alcallgenes Faecaiis 10 counts/cc 

Muoor 1 spore count /00 

Not defined. 


Water with propylene glycol additive to establish a nominal OF (273K) 
freezi:« point. 

+40 t 3E (277. 6 1 1. 7K). 

30 psig (552 kN/m^) max. 

Up to 1 gpm (3. 78 1/min. ) 


30 psia (532 kN/m2) nominal. 


ElecPrical Services Available to WES 


28 t 3 VDC. 

115 VAC nominal at SO Hz. 
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Figure 3, "4-Man" Breadboard Water Electrolysis System Fluid Schematic 
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working pressures. The feed water is mixed with recycled module cooling \vater up- 
stream of the particulate filter to the water pump* This process water is circulated 
throughout the WES by a gear -type pump with quantity regulation maintained by the 
water flow control valve and needle bypass valve. The pump design includes an in- 
ternal relief valve wMch becomes functional if an internal dead-ended condition arises 
within the pump. Pressurization of the feed water to 69 kN/m2 ^lo psig) reduces the 
pump pressure rise and subsequent journal bearing load and also prevents the relief 
valve from continuously relieving. Excess pump capacity is delivered through the 
needle bypass valve. An orifice could be used in place of the needle valve for a flight 
designed system. The water pump is powered through a DC to 3-phase AC inverter 
with a 28 VDC input. Downstream of the pump, the water flows through a deionizer 
resin bed which reduces the ionic contamination level to acceptable WES purity limits 
of > 400, 000 ohm -cm. 


The water then passes through a regenerative heat exchanger prior to 
mixing in a temperature regulating valve which controls the supply temperature to the 
electrolysis module at approximately 311K (lOOF). This temperature control main- 
tains electrolysis module performance essentially independent of coolant and environ- 
mental temperature variations. The process water is delivered to the cathode (hydro- 
gen generating) side of the 13-cell electrolysis module. Since the electrolysis occurs 
at the anode, water required for this reaction diffuses through the solid polymer elec- 
trolyte at a rate just equal to that required for oxygen generation. (A cross section 
showing the SPE electrolysis cell concept and a description of operation are provided 
in the Appendix. ) The generated oxygen will be saturated at the cell temperature and 
pressure [approximately 322K (120F) and 428 kN/m2 (62 psia)], but will contain no 
liquid water when discharged to ambient pressure. The free liquid water required for 
cell cooling will remain on the cathode side and will exit with the hydrogen as a two- 
phase mixture. This heated mixture passes through the regenerative heat exchanger 
to transfer its heat to the incoming colder process water. The two-phase mixture 
(hydrogen and module cooling water) leaving the regenerative heat exchanger is then 
cooled to approximately room temperature in the primary heat exchanger which trans- 
fers heat to the interface coolant fluid. Waste heat from che power conditioner is re- 
moved by the attached heat sink through which the interface coolant is also circulated. 

A biological resin bed filter is installed immediately upstream of the two-piiase sepa- 
rator to remove micro-organisms (i. e. , bacteria, molds, fungi, yeast) and particulate 
matter by three possible mechanisms, namely: electrostatic attraction to the resin 
beads; particulate matter depth filtration through the resin bed column; and retardation 
or actual destroying of bacteria and mold growth by any localized acidified water within 
the resin bed column. 

The two-phase mixture, therefore, has been pre-cleaned prior to entry 
into the two -phase separator. The life of the hydrophilic tubes with a pore size of 2 
to 3. 5 microns within the separator is therefore increased since pore clogging is 
minimized. The H 2 /H 2 O phase separator provides a passive means of separating 
liquid from a gas in a zero gravity environment using both hydrophilic and hydrophobic 
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separation elements. Primary separation is accomplished by removing water slugs 
from the two-phase mixture (hydrogen and water) with five hydrophilic porous glass 
tubes connected in a series fluid flow path. The hydrophilic elements permit the 
water to pass through the tube wall under a controlled differential pressure to the 
housing side of the assembly. Gas leaving the last tube, which is normally free of 
entrained water, passes through three parallel hydrophobic membranes located in 
the separator cover. The hydrophobic membranes, by their ability to pass only gas, 
serve as a trap to prevent water carryover to the hydrogen outlet stream in the event 
of porous tube failure and/or differential water regulator failure. The pressure dif- 
ferential across the hydrophilic elements is controlled by a differential back-pressure 
regulator which is referenced to the inlet side of the hydrophobic membranes. The 
water leaving the differential back-pressure regulator (module cooling water) is mixed 
with the feed water and returned to suction side of the pump through the particulate 
filter. 

The electrolysis module is supplied by a power conditioner which main- 
tains a constant current corresponding to a pre-selected oxygen generation rate. This 
electronic unit is capable of 75 amps maximum input to the module which is an oxygen 
generation rate of approximately 15. 3 lb /day. 

The WES would normally be operated through a single switch at a fixed 
oxygen generation rate output. 

The major components developed and fabricated under Contract No. 

NAS 1-9750 were: 

1) 13-Cell Electrolysis Module 

2) 75 amp Power Conditioner 

3) Control Panel 

4) Prototype Two-Phase Separator 

5) Deionizer Resin Bed 

6) Biological Filter Resin Bed 

7) Regenerative Heat Exchanger 

8) Water Temperature Control Valve 

9) Process Water Pump 

10) DC/AC Inverter 

11) Water Flow Valve 

12) Absolute Oxygen Back-Pressure Regulator 

13) Absolute Hydrogen Back-Pressure Regulator 

14) Differential Back-Pressure Regulator 

These breadboard components were individually acceptance tested as 
part of the aforementioned contract. Installation and operation of these components 
as part of an integrated four -man rated system was accomplished under Phase I of 
Contract No. NAS 9-13430, 
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Figure 1 illustrates the four -man rated breadboard WES which resulted 
from modification of the NASA/LRC facility (ref. Figure 13 of Report NASA CR- 
112183). The modification required complete tear down of the one-man rated WES to 
install the four-man rated breadboard components previously listed. 

In addition, the installed system and facility were modified to include 
start-up pressurization capability, increased make-up water reservoir capacity, 
primary heat exchanger, city water coolant system and automatic shutdown capability 
with a fault detection and isolation panel. A 100 amp DC power supply along with 
facility wiring and temperature, pressure, current and voltage readout was also 
provided. 

2. 3 Component Testing 

As previously described, the fourteen major components listed on 
Page 9 had been designed, fabricated and some individually bench tested under 
Contract NAS 1-9750. Component descriptions, specifications, drawings and check- 
out test data are included in the Final Report NASA CR-112183 under that contract. 

Component checkout tests were completed under the current program, 
most of which required installation with instrumentation as part of an electrolysis 
system in order to obtain meaningful operating conditions and test data. The 
following component checkout activities were undertaken. 

2.3.1 13-Cell, Low Pressure, Electrolvsis Module 

A 13-cell, low pressure (434 kN/m2^ 100 psi, maximum operating 
pressure), electrolysis module design, as shown in Figure 4 and pictured in Figure 5, 
was designed to meet requirements of a four-man rated low pressure WES under 
Phase I of this program. As reported under Phase n, most of the cell parts were 
salvaged for modification and incorporation into a six -man rated, high pressure 
(2758 kN/m2, 400 psi) advanced electrolysis module design. A satisfactory proof- 
pressure leakage test was performed on the low pressure module design (10/17/72) 
submerged in water and under 690 kN/m2 (loo psig) nitrogen pressure common to 
oxygen and hydrogen sides. There was no indication of external leakage. Subsequently, 
a satisfactory cross -membrane leakage test was performed with 345 kN/m2 (50 psig) 
nitrogen to the hydrogen side and atmospheric pressure on the oxygen side. Measured 
gas leakage was within acceptable SPE permeability limits. 

Module flow-pressure drop characteristics of the cathode side were 
measured with ’’solid” water flowing respective of a non-operating condition as shown 
in Figure 6. Two tests were performed, of which the 11/21/72, data is considered 
more appropriate because some residual gas may have been trapped by screens in the 
cells for the 11/20/72 evaluation. 
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Figure 4 








Figure 5. 13-Cell Electrolysis Module 
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The module demonstrated satisfactory steady state performance on 
11 / 27 / 72 . This was at four-man rated design point conditions of 49. 1 amps, current 
density of 230 mA/cm^ (213 ASF), a process water feed rate of 80 cc/min at 311K 
(lOOF), two-phase mixture (hydrogen plus liquid water) outlet temperature of 331. 7K 
(137. ^) and nominal operating pressure of 75. 8 kN/m2 (ii psig). Typical voltage 
performance at these conditions was as follows: 

Voltage. VDC 

at 49. 1 Amps, 230 mA/cm^ 


Cell No. Total Total 


1 
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Immediate gas generation was demonstrated during push-button starts 
at pre-selected current settings from a nominal 5. 6 amps to 49. 1 amps. During 
cyclic operation under typical space-station orbit conditions of a nomiml 55 minutes 
”on" and 39 minutes ’’off", the oxygen was delivered during the instantaneous start-up 
transient and thereafter, free of liquid water. Liquid-free oxygen delivery was 
observed during pushbutton starts following shutdown periods of up to 16 hours. How- 
ever, with shutdown periods of approximately 24 hours, or longer, some water will be 
delivered with the oxygen during a subsequent start transient (10 to 30 cc of water). 
The start transient is that elapsed time from a pushbutton start (at a pre-selected 
current setting) for the module oxygen-side pressure to reach a steady -state level as 
set by the absolute oxygen back-pressure regulator. In this four -man rated system, 
the regulator is set at a nominal 310 kN/m2 (45 psig). This water discharge, only at 
start-up, is caused by the hydraulic permeability of the SPE membrane which allows 
the gradual transport of water from the flooded hydrogen side to the oxygen side over 
an extended shutdown period. 

2. 3. 2 Power Conditioner and Control Panel 

The power conditioner and control panel checked-out satisfactorily for 
all steady state, start and stop transient conditions up to the four -man design point 
of 49. 1 amps (230 mA/cm2). In addition, satisfactory operation was demonstrated at 
above design point conditions up to 75 amps (350 mA/cm^). 

The automatic current limit shutdown feature of the power conditioner 
was satisfactorily demonstrated at approximately 80 amps. 
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2, 3. 3 Temperature Regulating Valve 

This valve, Model No. 8A767 - Rev. 002, manufactured by Standard- 
Thomson Corp. , is factory set to control the outlet water temperature of the valve 
3l3 i 2. 2K (104 t 4F). However, during WES testing in October - December 1972, 
there was observed occasional upward shifting of the controlled mixture-out tempera- 
ture (cold water plus hot water) to as high as 313K (140^F). It has been hypothesized 
that residual gas bubbles in the water at the 80 cc/min. process water rate would 
tend to collect in the vicinity of the "wax" actuator internally in the valve, causing 
poor heat transfer characteristics with subsequent "out-of-spec" control of the tem- 
perature. During WES operation, when temperature regulation was out-of-spec, it 
was demonstrated that manually tapping the valve would clear the gas and re-establish 
proper temperature control at the nominal 311K (lOOF) setting. 

On 1/3/73, the valve was removed from the WES for a bench evaluation. 
The results of this investigation demonstrated satisfactory performance of the tem- 
perature regulating valve with "solid" water flows of more than 100 cc/min. 

In the WES, process water is delivered to the module cathode side for 
electrolysis and module cooling. A two-phase mixture of water -hydrogen gas sluglets 
therefore exits from the module at module pressure and temperature. This water 
also contains dissolved hydrogen gas. 

The downstream passive separator removes the water sluglets from 
this mixture with subsequent return circulation of the water to the pump suction side. 
In the WES, pressure-drop of components in the return circulating loop (water dif- 
ferential back-pressure regulator, check valve, etc. ) have been kept low to minimize 
the release of dissolved gas in the water "from coming out of solution", due to expan- 
sion from a high pressure region to a lower region. It is possible, therefore, that 
some dissolved gas may come out of the water (effervescent effect) which will be re- 
circulated by the pump. It was concluded, therefore, that the temperature regulating 
valve had previously failed to control because of this gas mixture condition. 

The evaluation of the problem resulted in the following corrective 

action: 

1) For gravity operation, the valve must be mounted at a 450 attitude 
to provide internal gas clearage from the wax -actuator end of the 
valve. This facility change was incorporated on 1/24/73. A con- 
figuration design change to the valve is possible to remove the 
attitude sensitivity. 

2) To enhance gas clearance through the valve, the process water 
rate was increased by 50% (from 80 to 120 cc/min. ). 
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After introducing these corrective actions, performance of the 
temperature regulating valve was satisfactory. 

2. 3. 4 Absolute Oxygen Back-Pressure Regulator 

Regulator performance of the controlled upstream pressure was evalu- 
ated on Ausco Inc. regulator, type P320-51. Figure 7 presents the results of this 
investigation. Compliance with GE/DECP requirements was satisfactory. 

2. 3. 5 Absolute Hydrogen Back-Pressure Regulator 

Regulator performance of the controlled upstream pressure was evalu- 
ated on Ausco Inc. regulator, type P320-52. Figure 8 presents the results of this 
evaluation. Compliance with GE/DECP requirements was somewhat marginal due to 
the controlled setting being near the lower specification limit. Actually, the results 
confirm the setting of this component as it was originally received from the vendor. 

The setting is readily changeable and was adjusted to bring the control point up to 
approximately 172 kN/m^ (25 psig) from a nominal 165 kN/m^ (24 psig). 

2. 3. 6 Differential Back-Pressure Water Regulator 

Regulator performance of the controlled upstream water pressure be- 
low a nominal hydrogen reference pressure of 165 kN/m2 (24 psig) was evaluated on 
Ausco Inc. regulator, type P321-50. Figure 9 presents the results of this investiga- 
tion. Compliance with GE/DECP requirements was satisfactory. 

Figure 10 presents the adjustment characteristics of this regulator as 
investigated from the original as -received setting. 

2, 3. 7 Inverter, Process Water Pump and Flow Valve 

These components were always operated together in bench testing and 
for the delivery of process water in the WES. A second pump, Micropump Corp. 

Model No. 02-70-316-986, which included a plastic poppet-type relief valve in place 
of the ball-type and a 316 SST gear housing in place of a plastic housing, was purchased 
foii this program as a back-up to the original pump (Model No. 02-70-316-731). The 
performance characteristics of these two pumps are presented in Figure 11. Compon- 
ent evaluation also occurred during systems testing of the WES which identified a 
number of pump problems that were investigated. A summary of these problems with 
corrective actions is presented as follows: 

1) Uncoupling of the magnetic drive between the motor and pump was 
resolved by drilling pressure balancing holes in the Teflon hub of 
the driven magnet. 
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2) Oscillations in pump discharge pressure had resulted in breakage 
in the internal relief valve spring. Tried a vendor recommenda- 
tion of relief valve ball material cliange from Teflon to rubber, but 
spring breakage continued. A change from a ball -type to a poppet- 
type relief valve design configuration did reduce pressure fluctua- 
tions and resulted in no spring breakage. 

3) Pump cavitation was caused by entrained gas in the pump suction 
resulting from dissolved gas (the water is saturated with hydrogen 
at the operating pressure of the phase separator) coming out of 
solution at reduced pressure and increased temperature. An 
attempt to reduce pump pressure fluctuations with an external by- 
pass to deliver excess flow (approximately 75% of input flow) ex- 
ternally to the pump rather than internally through the relief valve 
increased the cavitation problem. Cavitation was reduced by rais- 
ing pump suction pressure, reducing pump suction water tempera- 
ture and by increasing water pump throughput rate from 80 to 120 
cc/min which forced out residual gas. 

4) The audible noise emitted by the pump was reduced by a material 
change of the pump-gear housing from plastic to stainless steel. 

5) External pump leakage was eliminated by a design change to gaskets 
in place of an 0-ring seal. 

2. 3. 8 Passive Phase Separator 

Operating characteristics of the prototype, five-tube passive phase 
separator were evaluated during transient and steady -state operation of the four-man 
rated electrolysis system. A photograph, drawings and a complete description of 
this assembly is provided in Report NAS CR-112183. This is a passive phase separa- 
tion device (a dynamic phase separator was developed and tested under Phase n of 
this program) which utilized five hydrophilic fritted glass tubes for water transport/ 
gas blockage and hydrophobic polypropylene membrane material for gas transport/ 
water blockage. 

During system startup, a transient high pressure differential existed 
momentarily across the hydrophilic tube walls which resulted in some bubble-point 
breakthrough. This was resolved by replacing twc tubes with bubble points of 47 kN/ 
m^ (6. 8 psid) and 59 kN/m^ (8. 5 psid) with tubes of higher bubble points such that all 
five tubes were greater than 62 kN/m^ (9. 0 psid). 

Flooding of the hydrophobic assembly also occurred which was attri- 
buted to loss of water permeability of the hydrophilic tubes due to pore contamination 
and the effects of higher water viscosity and insufficient hydrophilic AP margin when 
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operating with a cold (278-283K) (40-50®F) two-phase mixture. Corrective action in- 
cluded (1) discontinuation of the tubes capable of reclamation which resulted in higher 
water flow permeability of the separator assembly, (2) increasing the hydrophilic 
A P by adjusting the water differential regulator from 16. 5 kN/m^ (2. 4 psid) to 
42. 7 l^/m2 (6. 2 psid), (3) thoroughly draining and flushing the system to remove 
contamination (particulate matter and/or microbiological species), and (4) repacking 
of the deionizer and biological filter resin beds with new beads after thermoplastically 
coating (with FEP) the inside of the housings to eliminate a possible corrosion con- 
tamination source. Test data showing the water flow permeability of the refurbished 
separator assembly is provided in Figure 12. 

2. 4 System Evaluation and Test Results 

2. 4. 1 System Checkout Tests 

WES system checkout was essentially performed during evaluation of 
components, as described in Section 2. 3, such as the electrolysis module, power 
conditioner, static phase separator, water pump, pressure regulators, etc, , under 
various conditions of module current or gas generation rate, process water rates, 
process water temperature, city water coolant temperature, etc. 

As part of WES testing, electrolysis module operation prior to April 4, 

1973, had been exclusively operated in the cathode water feed mode with the oxygen side 
pressure greater than the hydrogen (cathode) side pressure. This C^'>H 2 pressure condition 
was selected to minimize water carryover to the oxygen side by hydrodynamic per- 
meability through the SPE cell from the flooded hydrogen side when the electrolysis 
module was shutdown. In support of a parallel engineering design effort on the oxy- 
gen generation subsystem for the Space Station Prototype (SSP) it was necessary, for 
overall life support system considerations, to learn the effects of electrolysis module 
operation and deactivation with a H 2 > O 2 pressure condition. Laboratory experi- 
ments have verified that electrolysis cell performance (i. e. , cell voltage) is indepen- 
dent of oxygen pressure, but that cell voltage increases about 30 millivolts for each 
tenfold increase in hydrogen absolute pressure in agreement with the theoretical 
Nernst equation. Because of protonic pumping (Ref. Appendix) of water from the 
anode to the cathode in the SPE cell under load, there would be no water transport to 
the oxygen side even with a H£ > O 2 pressure differential as was evidenced by test. 

The effects of a deactivated electrolysis module were studied during the tjrpical orbi- 
tal '’off” period of 39 minutes, and also for extended shutdown periods up to 90 hours. 

The effects of diffusion and the consumption of gases (H 2 and O 2 ) in the "fuel cell” 
mode were demonstrated after shutdown. Module total voltage decreased from an 
operating value of about 22 VDC to less than 2 VDC within 2 hours of shutdown for 
either H 2 > O 2 or O 2 > H 2 pressure condition. Because the trapped gas volume on 
the oxygen side of the electrolysis module is considerably smaller than that on the 
hydrogen side, which includes the heat exchangers, biological filter resin bed and 
phase separator, the oxygen pressure decays more rapidly than the hydrogen pressure 
after shutdown. The results of measuring oxygen side pressure decay are plotted in 
Figure 13. 
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Water accumulation on the oxygen side after shutdown depends upon 
initial H2 > O2 pressure conditions and the time interval for water transport. The 
water discharged from the oxygen side was measured on the subsequent start-up. In 
summary, the water discharged at start-up after a 39 minute orbital shutdown amount- 
ed to about 2 to 3 cc. After an extended 90 hour shutdown about 90 cc of water was 
discharged at start-up. This is greater than the total calculated volume pf all 13 ceils 
on the oxygen side of the electrolysis module, indicating eventual complete flooding 
with time. 

For module operation with02 > H2 pressure conditions, the discharge 
of water from the oxygen side on start-up is substantially reduced. No water was 
elver delivered out the oxygen side for any orbital cycle start-up (39 min. "off" period) 
and for any extended shutdown period up to 16 hours. The following quantities were 
measured after the shutdown periods cited: 10 cc in 24 hours, 15 cc in 72 hours, 63 cc 
in 12 days. 


2. 4. 2 gSP Mapping Tests 

Exploratory system testing was conducted in support of anticipated SSP 
operating requirements which represented conditions of overstress outside the design 
point of the four -man rated WES capability of 4. 54 kg/day (10 Ib/day) oxygen genera- 
tion rate. Steady state electrolysis module voltage performance is shown in the fol- 
lowing table at the four -man rated WES design point represented by a current of 49. 1 
amps (230 mA/c m2), module controlled water inlet temperature of 311K (lOOF) and two- 
phase (H2/H2O) outlet temperature of 327. 7K (130F) obtained from a process water 
flow of 120 cc/min, 326 kN/m.2 O2 pressure, and 174 kN/m2 hydrogen pressure. 


Voltage, VDC 

at 49. 1 Amps, 230 mA/cm2 

Cell No. 
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Five simulated orbital cycles were demonstrated, each consisting of a 
55 minute "on" power period and a 39 minute "off" period. Design point operating con 
ditions were identical to those cited above except that module H2/H2O outlet tempera- 
ture of 321. 2K (128. ^) was slightly lower reflecting a shorter warm-up period. 
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At essentially the same operating pressures, but at a minimum load 
condition of 5. 7 amps (27 mA/cm2), module water inlet temperature of 282. 6K (85F) 
and H 2 /H 2 O outlet temperature of 303. 7K (86. the following steady state voltages 
were measured. 

Voltage. VDC 
at 5. 7 Amps, 27 mA/cm^ 


Cell No. Total Total 
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With the O 2 and H 2 pressure regulators maintaining design operating 
pressures as beforehand with the temperature regulator controlling water inlet tempera 
ture to the module at 311. 5K (100. 9F), off design conditions were established for a 
load of 75 amps (350 mA/cm^). A module two-phase outlet temperature of 343, 2K 
(158F) was established at the same process water flow of 120 cc/min. Cell voltage 
performance was measured as follows. 
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CO 
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Two simulated orbital cycles, each of nominal 55 minutes ”on” and 39 
minutes ’’off", at the off design condition of 75 amps were also successfully completed, 
as was the minimum load condition of 5. 7 amps. 

An evaluation of electrolysis module operation at higher temperature 
was made with the water inlet temperature manually controlled at a nominal 399K 
(150F) and at design load of 49. 1 amps. Steady state module H 2 /H 2 O outlet tempera- 
ture was measured at 348K (166. 8F) with the following improved corresponding voltage 
performance. 

27 


DIRECT ENERGY CONVERSION PROGRAMS 



GENERAL 


ELECTRIC 


Voltage, VDC 

at 49.1 Amps, 230 mA/cm^ 
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2. 4. 3 Breadboard System Unattended Test 

Following component and system checkout tests, the WES breadboard 
configuration and operating conditions were sufficiently defined to specify requirements 
for automatic control, fault monitoring detection with automatic safe shutdown allowing 
unattended operation. A Failure Mode and Effects Analysis of the WES was made to 
identify single point failures and determine where redundancy or fault detection of 
components was required in the system. A Fault Detection and Isolation Analysis 
(FDIA) identified the monitoring instrumentation and control requirements for auto- 
matic WES shutdown capability. Wherever possible, commercial "off-the-shelf" com- 
ponents were purchased to minimize the cost of the FDIA instrumentation. 

Table II is a summary of those monitoring devices installed to detect 
out-of-limit component operating conditions which result in an automatic shutdown. 

An Emergency controller shown in Figure 14 was designed and fabricated which moni- 
tored sensor signals and provided conditioning and logic for automatic emergency 
shutdown of the WES. 

After complete installation and checkout of all fault detection and isola- 
tion instrumentation, breadboard system operation at design point conditions was ini- 
tiated on 8/7/73. Typical electrolysis module voltage performance logged on the fol- 
lowing at 49, 1 amps (230 mA/cm^) with temperatures of 310. 8K (99. 7F) water -in, 

328K (130. 8F) H 2 /H 2 O out, 121 cc/min process water rate, 165. 4 kN/m^ (24. 7 psig) 
O 2 pressure and 265. 5 kN/m2 (38. 5 psig) H 2 pressure was as shown in the following 
table. 


28 


DIRECT ENERGY CONVERSION PROGRAMS 



GENERAL^ ELECTRIC 


Table n 


FDIA Automatic Shutdown Summary 


WES Component 
Functional Description 

Low Module Current (Pwr,. Cond. 

High Module Current (Pwr. Cond. 

High Two-Phase Module Outlet 
Temperature 

High H 2 Concentration in O 2 
Outlet 

Low City Water (Coolant) Flow 

Loss 28 VDC Supply Voltage 

Loss 115 VAC Supply Voltage 

High Power Conditioner Input 
Current (Circuit Breaker) 

High Pump Outlet Pressure 

High Separator Hydrophilic AP 

High Separator Hydrophobic AP 

High Module O 2 Outlet Pressure 

High Separator H 2 Outlet 
Pressure 

High Deionizer Effluent 
Conductivity 


Monitoring 

Device 

Fault 

Isolation 

Device 

Meter 

Red light on 

Meter 

Red light on 

Meter 

Red light (3) 
on 

Meter 

Red light on 

Flowrator 

Red light on 

Meter 

Green light 
out 

— 

Green light 
out 

SW Pos. 

Red light on 

Meter 

Red light on 

Meter 

Red light on 

Meter 

Red light on 

Meter 

Red light on 

Meter 

Red light on 

Meter 

Red light on 


WES Result 
Automatic Shutdown 


Note; 

a) All circuitry communicates through electronic controller to be designed under 
Tasks 1. 1. 9 and 1. 1. 10. 


b) All automatic shutdowns simultaneously remove power to the module and the 
pump. 

c) Data recording is manual. 
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Figure 14. Instrumentation and Controller Unit 
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Voltage. VDC 

at 49. 1 Amps, 230 mA/cm^ 
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System operation was conducted on an unattended daily basis with mini- 
mum data logging and/or operator surveillance. Four hours after morning start-up 
on 8 / 9/73 with 18. 8 cumulative hours of unattended operation, the system was found 
automatically shutdown with the "Low Module Current" light illuminated on the FDIA. 
panel. Subsequent investigation revealed that a 10 micron, in-line pump filter (Circle 
Seal type P/N 43115-2XTN) was severely plugged with anion resin material. A pre- 
vious failure of the anion resin (degraded into a fine powder) in the biological filter had 
caused plugging of hydrophilic tubes of the passive phase separator. At that time 
(5/1/73) the biological filter was removed from the system which was drained and 
flushed to remove this residual degraded resin. It was hypothesized that the in-line 
filter was plugged with fine resin material not previously flushed from the system. 

After cleaning the in-line filter, a differential pressure transducer was 
installed in the system to monitor the pressure drop across the filter during WES 
operation. Also, the water reservoir facility was drained and fresh distilled water 
added. 


While remaining in the breadboard test setup, the 13-cell electrolysis 
module was checked for possible damage. A cross -membrane, nitrogen permeability 
test revealed no leakage as evidence damage. A 1000 Hz impedance check did show 
Cell No., 5 was 0. 00142 ohm or 47. 6% higher than the average of the other 12 cells. 

The high cell impedance was attributed to vater starvation and subsequent drying prior 
to emergency shutdown caused by the plugged water filter during WES operation. 

Attempts to restore the performance of Cell No. 5 with low current density operation 
(/—' 50 mA/cm2) was not fruitful. Retesting of the module at design point conditions 
previously cited, revealed the following voltage performance at 49. 1 amps (230mA/cm2) 
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Voltage. VDC 

at 49. 1 Amps, 230 mA/cm^ 


Cell No. Total Total 
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05 

i£i 

iO 

* 

00 

in 

jH 

tH 

o 

00 

fH 

00 


lA 

o 



O . 

O 


c- 

05 

fH 

05 


05 

iH 

05 

o 


in 


C- 

D- 


t- 

05 


c- 

O 

c- 

(O 

C- 

(O 

c- 

• 

• 


• 





• 

• 

• 

• . 

• 


• 

• 

(N 

OJ 



fH 

rH 

tH 

fH 


fH 

fH 

fH 

iH 

fH 

H 


iM 

(M 


00 

* Note that the voltage of Cell No. 5 is 0. 273 volt higher at 230 mA/cm^ than the 
average of the other twelve cells. 

Loss of water supply to one or more cells of the electrolysis module 
results in drying of the SPE cell membrane and an increase in cell impedance. At a 
given load this results in a higher cell voltage. The power conditioner voltage/current 
control established an upper module voltage limit about 1. 5 VDC below supply voltage 
of 28 VDC. Once this voltage limit was reached a further increase in cell or module 
impedance would reduce input current to the modvile. An automatic shutdown "low" 
limit of 5 amps was pre-set for WES operation. It was hypothesized that Cell No. 5 
was more sensitive to the condition of low water supply, increased impedance and 
temperature at the sustained load of 5 amps sufficient to change the SPE water equili- 
brium such that normal water content impedance and performance could not be restored 
as in the other cells. 

Corrective action was planned to include, for Phase II, the replacement 
of Cell No. 5 with a new cell when the 13-cell electrolysis module was disassembled, 
modified and reassembled for high pressure operation. Also, the "low current" shut- 
down for module protection would be changed to a "high voltage" shutdown condition in 
the event of water starvation or performance loss. The latter type of shutdown protec- 
tion had been used successfully on laboratory cells and modules, but had been altered 
to the former for system incorporation to prevent inadvertent module shutdown at high 
initial current settings with a "cold" module. 


32 

DIRECT ENERGY CONVERSION PROGRAMS 


GENEKAL'^ELECTRIC 


SECTION 3. 0 DEVELOPMENT OF AN ADVANCED WATER ELECTROLYSIS 
SYSTEM (WES) WITH COMBINATION WATER PUMP. PHASE 
SEPARA.TOR 


3. 1 Specification 

A guideline specification for the design of a six -man rated, high pres- 
sure and temperature WES is outlined in Table in. The primary goals of the advanced 
WES were the development of an electrolysis system capable of operating at 2758 kN/m^ 
(400 psig) and incorporating a combination water pump/dynamic phase separator, and 
with an electrolysis module capable of operating up to SOO^K (200OF), and 350 ma/cm2 
(326 ASF). 

3. 2 System Description 

The complete six -man rated, preprototype water electrolysis system is 
contained wiliiin two packages pictured in Figure 15. The control cabinet 
(53 X 53 X 66 cm) on the left contains operating controls, meter displays and fault 
detection and. isolation lights. The fluid components and large electrical components 
of the systemi are contained in the package (9 lx 9lx 61 cm) shown at the rigjit. The 
electrical and fluid interface connections are located on the left face of this package 
and an electrical harness interconnects the two packages. A more complete descrip- 
tion of these packages with component identification and location will be provided 
later. A list of the major components installed in the two packages of the system is 
provided in Table IV. These are identified by item number and shown in the system 
schematics in Figures 16 and 17. Fluid and electrical seiwice interface connections 
are shown at the left side of Figure 16 with nominal maintained values in accordance 
with the guideline specification of Table m. A functional description of the system 
follows and the basic functional components described are identified by respective 
item munbers in parenthesis as referred to Table TV and Figures 16 and 17-i 

Power is delivered to the 13-cell electrolysis module ( 1 ) from a 28-VDC 
supply throu^ a power conditioner ( 11 ) which acts as a current regulator for 
maintaining a selected gas production rate. The power conditioner which operates at 
about 92 percent efficiency, rejects waste heat to a cold plate throu^ which 
externally supplied coolant is circulated. 

Water is delivered to the hydrogen side of the electrolysis module at a 
controlled maximum temperature of 339 K (150° F) maintained by the temperature 
regulating valve ( 10 ). Some of this process water is dissociated into hydrogen and 
oxygen by electrolysis, whereas the excess amount is discharged with the hydrogen 
produced and carries off the module waste heat. Temperature rise of the process 
Water through the module is proportional to the applied load which at 75 A produces a 
module outlet temperature of 366 K (200 F) at a water flow rate of 9 kg/hr (20 Ib/hr). 
The two-phase mixture of hydrogen and water passes through the regenerative heat 
exchanger ( 12). to release heat to water delivered to the hot side of the temperature 
regulating valve. The two-phase mixture is further cooled to about room temperature 
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Table IH 

Guideline Specification for Breadboard Six -Man Rated 
Advanced Water Electrolysis System (WES) 

(♦Revised 11/30/73) 

WES Capacitv^ 

15 Ib/day (6. 8 kg/day) oxygen (nominal six-man rate); 

Equivalent 75 amp maximum oxygen generation; 

Continuous or cyclic orbital duty of 55 minutes ”on" power and 39 minutes 
"off” power. 

WES Gas Purity 

Oxygen Generation - by volume 
99. 7% min. 0 
0, 1% max. 

Remainder - not defined. 

Hydrogen Generation - by volume 
99. 3% min. 

0. 2% max. 

Remainder - not defined. 

NASA -Maintained Downstream Gas Pressures of WES 

2 

Oxygen Subsystem: 14. 7 psia (101. 4 kN/m ) nominal 
Hydrogen Subsystem: 14. 7 psia (101. 4 kN/m^ ) nominal 

Make-Up Water (Feed Water) Available to WES 

Fluid: Lidustrial distilled water 
Temperatxire 75±5F. (275 ± 2. 8K) 

♦Pressure: 2 to 10 psig. (13. 8 to 68. 9k‘N/m^ 

♦Water Purity 


Microorganism species 

: Not defined. 

Total dissolved solids: 

5 ppm max. 

♦Particulates: 


Particulate 

No. of Paiiicles 

Size Range 

per 500 mi. 

0 - 10 microns 

; Unlimited 

10 - 25 microns 

' 1000 

25 - 50 microns 

200 

50 - 100 microns 

10 
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Table m {Cont*d) 

Guideline Specification for Breadboard Six -Man Rated 
Advanced Water Electrolysis System (WES> 

(♦Revised 11/30/73) 

Coolant Available to WES 

Fluid; ”City" water. 

Water Purity (i. e. ionic and microorganism. species): Not defined. 
Temperature: 48 ± 7 F (289 ± 3. 9 K). 

Pressure; 75 psig (517 k.N/m^) max. 

Flow; Up to 10 gpm (37.8 1/min). 

Nitrogen Available to WES 

Pressure; Selectable to 500 psig (3448 kN/m^ maximum 

Electrical Services Available to WES 
28 ± 5% VDC. 

115 ±5% VAC, 60 Hz, sin^e phase. 

Component Design Stress Considerations 

Proof Pressure; 1. 5 times maximum operating pressure. 

Burst Pressure: 2. 5 times maximum operating pressure. 
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Figure 15. Six -Man Advanced Water Electrolysis System 
Control Cabinet and Fluid Package 
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Table IV 

Major Components List 

6-Man Advanced Preprototype Water Electrolysis System (WES> 


Fluid Package 

Item Component Installed 

No. Title Quantity 

1 Water Electrolysis Module 1 

2 Check Valve 6 

3 Make-Up Water Filter 1 

4 Make-Up Water Pump 1 

5 Coolant Water Filter 1 

6 Separator/Pump Electronic Controller 1 

7 Deionizer Resin Bed 1 

8 Two-Phase Dynamic Separator/Pump ^ 

9 Cooling Water Flowmeter 1 

10 Temperature Regulating Valve 1 

11 Power Conditioner/Cold Plate Assembly 1 

12 Regenerative Heat Exchanger 1 

13 Primary Heat Exchanger 1 

14 Absolute O 2 Back -Press. Regulator 1 

15 Absolute H 2 Back-Press. Regulator 1 

16 Water Accumulator 1 

17 Pressure Transducer, 0 - 500 psig (0 - 3448 k.N/m^ 5 

18 Differential Press. Trans., ± 100 psid (± 689 kN/m2) 1 

19 Pressure Switch 1 

20 Differential Back Press. Regulator 1 

21 Module Outlet Temperature Sensor 1 

22 Combustible Gas Detector Sensing Probe 1 

23 Dual O 2 and H 2 Flowmeter 1 

24 Conductivity Sensor Probe 1 

25 Coolant Flow Switch 1 

26 In-rLine Relief Valve 4 

27 Manual Pressure Regulator 2 

28 ' Manual shut -Off Valve 7 

29* Differential Presstire Test Gage, 0 - 30 psid (0 - 207 kN/m^ 2 

30 Needle Valve 2 

31 Flow Orifice 1 

32 Catalytic O 2 /H 2 Mixture Sensor 2 

33 Circuit Breaker, 80 amp 1 

34 * Differential Pressure Test Gage, 0-200 ’’WC (0 - 50k,N/m^) 1 


* Non-deliverable instrumentation for check out only 
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Table IV (Cont'd) 

Major Components List 

6-Man Advanced Preprototype Water Electrolysis System rWES^ 


Control Cabinet 


Item 

Component 

Installed 

No. 

Title 

Quantity 

40 

Module Terminal Voltage Meter, 0-50 VDC 

1 

41 

; Module Current Meter, 0 - 100 amp 

1 

42 

Module Cell Voltage Meter 

1 

43 

Module Cell Voltage Selector Switch, 13 Pos'n 

1 

44 

Temperature Elec. Display Meter, 0 - 250®F 

1 

45 

Temperature Sensor Selector Sw. , 3 Pos’n 

1 

46 

Combustible Gas Detector Controller/Meter 

1 

47 

Conductivity Sensor Controller/Meter 

1 

48 

Press. Trans. Elec. Display Meter, 0 - 500 psig 

2 

49 

Accumulator A P Trans. Elec. Disp. Meter, ± 100 psid 

1 

50 

Electric Display Meter, 0-5 VDC 

2 

51 

Elec. Meter Selector Switch, 3 Pos'n 

2 

52 

Elapsed Timer 

1 

53 

Module Current Adjust, Potentiometer 

1 
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in the primary heat exchanger ( 13 ) where heat is rejected to the externally 
supplied coolant. 

The H 2 /H 2 O mixture is delivered tc the dynamic phase separator -pump ( 8 ) 
which provides separation of the gas and water. This device was developed by the 
Fluid Dynamics Corp. , Chester, California, to provide positive separation of hydrogen 
and water in a zero gravity environment as well as pumping capability for the process 
water circuit. It is basically a centrifugal pump operating with a gas core of a 
diameter controlled by the operation of an internal pickup or sensor causing venting 
of hydrogen through an integral solenoid valve. 

An ion exchange column, or deionizer ( 17 ), is located between the 
phase separator -pump and the electrolysis module to eliminate any system generated 
contaminants within the circulating process water loop and impurities from the 
makeup water feed. Hydrogen vented from the phase separator -pump through the 
di:perential pressure regulator ( 20 ) is further regulated at an absolute pressure by 
the hydrogen back pressure regulator ( 15 ) and is discharged from the system. The 
latter pressure regulator contains a spring adjustment capable of manual settings 
between 790 and 2860 kN/sq m (115 to 415 psia). The oxygen back pressure regulator 
( 14 ) receivii^ the gas supply directly from the electrolysis module is a similar 
device which controls oxygen absolute pressure at a level set about 345 kN/sq m (50 
psi ) higher than hydrogen absolute pressure. This assures a positive pressure 
differential of oxygen greater than the two-phase mixture of hydrogen and water in 
the module such that no water is hydraulically transported to the oxygen side and 
eliminates entrained water in the oxygen discharged from the system. 

A feed water makeup pump ( 4 ) and water accumulator ( 16 ) are also 
provided in the system. The latter contains a spring-loaded piston and rod-actuated 
position switch. As water is consumed by electrolysis, the piston travels to a 
position actuating the switch subsequently starting the makeup pump which is energized 
for two minutes adding water to the system from the supply at ambient or cabin 
pressure. The water accumulator also accommodates changes in the quantity of 
water contained in the process water loop due to system startup and load transients 
associated particularly with cyclic load operation which will be further discussed 
under "System Development and Test Results. " 

The nitrogen supply at 3550 kN/m2 (515 psia ) is utilized to pressurize 
the electrolysis module pressure vessel or domed enclosxire subsequently discussed, 
and to maintain a regulated system base pressure under regulated hydrogen pressure. 
The oxygen and hydrogen sides of the system are initially pressurized with nitrogen 
to a base pressure of 234 kN/m^ (340 psia) with a hand loading pressure regulator 
(27 - 2) through dual check valves ( 2-1, 2-2, 2-3, and 2-4). During automatic 
start up oxygen and hydrogen are generated and internal pressures built up until the 
O 2 and H 2 back pressure regulators discharge gas at their pre-set regulated settings. 
When the system is electrically deactivated at elevated pressure the nitrogen base 
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pressure serves as a "floor" to which internal pressures gradually decay and 
maintains a safe condition in the event of an automatic shutdown. The nitrogen also 
serves as an inert gas for purging the system during depressurization. 

In addition to the aforementioned basic functional components, the 
schematic in Figure 16 also shows relief valves for overpressure protection and 
maniial valves for venting, bypass, sampling, etc. Sensors for measurement of 
voltage, current, pressure, temperature; water conductivity, etc. provide output 
to display meters on the control panel as well as to the emergency controller with 
preset fault detection limits which activates an automatic safe system shutdown. 

The packagv?d system was designed for automatic operation at any preset 
pressure level from 790 to 2860 kN/m^ (115 to 415 psia). Operating controls include 
0 to 75 amp load adjustment, mode selection switches for continuous, cyclic 
(simulated near-earth orbital conditions) or standby operation as well as override 
switches for independent makeup pump, phase separator -pump or power conditioner 
(including electrolysis module) operation. Control by manual valves permits opera- 
tion at low pressures close to atmospheric pressure as well as allows "bootstrap" 
operation by self pressurization of both O 2 and Hg sides under load to maximum 
operation pressure, 

A frontal view of the control cabinet is shown in Figure 18. The 
rectangular meters display module current (svith potentiometer for load adjustment) 
and terminal voltage, individual cell voltage with selector switch, module two- 
phase outlet temperature. On in H 2 and H 2 in O 2 , temperatures sensing gas mixtures, 
accumulated hours and the following pressures: H 2 and O 2 regulated back pressures, 
accumulator piston Ap, two-phase (module), N 2 dome, N 2 base, phase separator- 
pump Ap, and water flow orifice Ap. The nine rectangular push buttons in a vertical 
line respective from top to bottom provide the following operating functions: Mode 
selection for (1) Continuous or (2) Cyclic operation, (3) Automatic start up (4) Standby 
operation (5) Shutdown and the override switches for independently energizing the 
(6) Contactor (7) Power Conditioner (including electrolysis module) (8) Phase 
separator -pump and (9) Makeup pump. The 24 small round lights in a vertical line 
identify which one of 22 fault detection sensor Hmit conditions was activated during 
ah automatic shutdown. The fault conditions and sensor limits are listed in detail 
iii Table X. To the left center of the control cabinet in Figure 18 is located a 
controller and meter for a combustible gas detector. Model 180, manufactured by 
General Monitors, Inc,, Costa Mesa, California which detects external hydrogen 
leakage to ambient from piping and components in the fluid package. At the lower 
left corner of the control cabinet is the controller and meter, for a water 
conductivity sensor Model 915M-SC manufactured by Balsbaugh Laboratories, Inc. , 
South Hingham, Massachusetts for monitoring the quality of process water. 

Inside the control cabinet are located three circuit boards which contain 
the logic elements for automatically controlling sequential functions of start up, 
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Figure IS. Water Electrolysis System Control Cabinet, Front 
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shutdown, continuous,: cyclic and standby system operation as well as the require- 
ments for an automatic safe emergency shutdown. Also contained within the cabinet 
are eight adjustable potentiometers for each of the FDIA pressure limit conditions 
which permits pre-setting these limits for any selected system operating pressure 
between 790 and 2860 kN/m^ (115 to 415 psia). Also inside is located an emergency 
shutdown bypass switch which allows low pressure system checkout below the 
established high pressure regulator and potentiometer limit settings. 

A frontal view of the fluid package is provided in Figure 19. Locations 
of the major components are shown and denoted by item numbers identified in 
Table IV and Figure 16. The electrolysis module is shown with its thermal 
insulation removed. 

A photograph of the rear view of the fluid package is given in Figure 20, 
The locations of many of the basic components identified in Table IV and F igure 16 
are shown. Thermal insulation applied to those components operating at elevated 
temperature such as the temperature regulating valve, module outlet temperature 
sensor and associated lines has been removed. The primary and_,re generative heat 
exchangers shown consist of off-the-shelf concentric tube dual heat transfer coils, 
p/n 3101-6, 4-8 -6 X, manufactured by Parker Hannifin, Cleveland, OhiQ which 
were foamed-in-place- into insulating cylinders of polyurethane foam covered with 
altuninum foil. 
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Figure 19, Water Electrolysis System Fluid Package, Front View 


DIRECT ENERGY CONVERSION PROGRAMS 


Absolute Hydrogen Back 

Pressure Regulator (15) Catal)rtic 0^/V2 
and Relief Valve (26-1) Mixture Sensor (32-1) 



Absolute Oxygen Back 
Pressure Regulator (14) 
and Relief Valve (26-2) 


Combustible Gas Detector 
Sensing Probe 


Needle Valve (30-1) 


Module Outlet 
Temp)erature Sensor (21) 


Water Accumulator (16) 


Differentia’ Pressure 
Transducer (18-2) 


Coolant Water Filter (3) 
Flow Orifice (31) 


Pressure Transducer 
(17-3) 


Differential Pressure 
Transducer (20) 


Temperature Regulating 
Valve (10) 


Two- Phase Dynamic 
Separator/ lAimp (8) 


Deionizer Resin 
Bed (7) 


Coolant Flow Switch (25) 


In-Line 

Relief Valve (26 -4) 


Conductivity Sensor 
Probe (24) 


Pressure S\Ndtch (19) 


Make-Up Water Filter (3) 


Separator/Pump 
Electronic Controller (6) 


Make-Up 


Primary 


Regenerative 


Heat Exchanger (12) Heat Exchanger (13) Water Pump (4) 



igure 20. Water Electrolysis System Fluid Package, Rear View 
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3. 3 Component Development 

Available components from the low pressure, breadboard WES developed 
under Phase I were utilized wherever possible in the high pressure, advanced, 
preprotot 3 Tpe WES. Also, standard commercial materials and components were 
selected where applicable to avoid unnecessary developmental costs and minimize 
procurement time. Specifications were prepared for definition and development of 
those components having operating requirements particular to the needs of the 
advanced WES system. A discussion of these components including specifications, 
drawings, and test results from bench checkout and/or system operation follows. 

3.3.1 13-Cell, Advanced Electrolysis Module 

A primary objective under Phase n of the program was to Increase the 
capacity of the 13-cell, 4-man rated, low pressure module tested under Phase I to a 
six -man rated, high pressure, high temperature module design. Disassembly of the 
four-man rated module revealed that all ceil parts exhibited no corrosion and were 
otherwise in a physically good condition. Twelve of the membrane and electrode 
assemblies were reusable whereas one required replacement because of high electrical 
impedance, attributed to water starvation during Phase I testing, to makeup a 13-cell 
module. All of the cell screen assemblies and separator sheets were found reusable, 

A photograph of these ceil components is shown in Figure 21. Two screen/gaskex 
assemblies are required for each single cell to form the anode and cathode fluid 
compartments. 

Laboratory compatibility tests were conducted with various gasket 
materials contacting the SPE membrane for 1400 hours at 3S1K (190 F) and 
2758 kN/m^ (400 psi). Fluorosilicone rubber showed excellent resistance to acid 
attack as did silicone rubber faced with a thin film of teflon (TFE) on the side adjacent 
to the SPE membrane. Both were considered alternate ai^roaches for the high 
temperature design with the former incorporated into a molded gasket configuration 
with dual peripheral beads on each face shown in Drawing 73D205S54, Figure 22. 

Tie bolt holes in all cell components were enlarged from a 10-32 to a 5/16 -24 screw 
size to accommodate the higher pressure capability. The basic cell design was 
otherwise unchanged to increase module operating performance from a Four -man to 
a Six-man capability (current density from 213 to 350 MA/cm") resulting from 
g.-MaiTiing lower cell voltage and improved performance at higher operating temperature. 
Basic design parameters of the SPE electrolysis cell are listed in Table V. 

The design approach to a high pressure module configuration was to 
enclose the compressed stack of 13 cells into a pressure vessel. A photograph of 
the module is shown in Figure 23. 
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Figure 21. SPE Electrolysis Cell Components 
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TABLE V 

13-CELL ADVANCED WATER ELECTROLYSIS MODULE 
SIGNIFICANT DESIGN DATA 

Design Point 


Cell Design Parameters 

Electrode Diameter 
Active Area 

Ion Exchange Membrane 
Anode (O2 Side) Catalyst 
Calhode (H2 Side) Catalyst 
Cathode Catalyst Support 

H2 and O2 Gas Gap Screening 

H2/O2 Separator Sheet 
Cell Gasket Seal 
H2 Cell Water Feed Port 
H2 and O2 CeU Outlet Gas Ports 
Manifold Gasket Seal 
Pressure Pad 

Operating Mode 

Maximum Current 

Maximum Current Density 

Maximum Outlet Temperature 

Cell Voltage (at Maximum Current, 
Nominal Pressure and Temperature) 

Nominal Cell Spacing (Including one 
pressure pad) 


16. 5 cm (6. 5 in.) 

214 cm2 (33. 2 in. 2) 

G. E. Spec: A50GN342 

E50, 12. 5% Teflon 

Pt Black, 12. 5% Teflon 

Expanded Gold Screen . 076 mm (. 003 in. ) 
thick, 17. 15 cm (6.75 in.) dia. 

5 Layers Expanded Screen 5 Nb 7, 3/0, 
Platinized and Welded Pressed to 
. 56 mm (. 022 in, ) Thick 

. 07 6 mm (. 003 in. ) Thick Niobiimi 
Platinized 

. 69 mm (. 025 in. ) Thick TFE Faced 
or FluorosHicoue Rubber Unfilled 

. 56 mm (. 022”) Thick Screen Gap x 
6. 4 mm (. 25”) Wide 

. 56 mm (. 022”) Thick Screen Gap x 
9. 6 mm (. 38”) Wide 

1. 19 mm (. 047”) Thick Silicone or 
Fluorosilicone Rubber Unfilled 

1. 40 mm (. 055*') Thick, 16. 5 cm (6. 5 in. ) 
Diameter Perforated G. E. Silicone 
Rubber SE-4404 

Cathode Water Feed 

75 amp 

350mA/cm2 

367K (200®F) 

1.72 VDC 

2. 8 mm (0. 110 in.) 
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TABLE V rCont’d) 

13-CELL ADVANCED WATER ELECTROLYSIS MODULE 
SIGNIFICANT DESIGN DATA 


Module Design Parameters 

Oxygen Generation Kate 

Min. Supply Voltage (Out of Power 
Conditioner) 

Number of Modules in System 

Number of Cells per Module 

Maximum Cell Pressure 

Nominal/Maximum Cell or Gasket 
Pressure Differential 

Maximum Dome Pressure 

Proof Pressure 

Top End Plate 

Litemal Studs 
Belleville Washer Assy. 

Bottom Enclosure Plate 

Domed Enclosure Head. 

Flange Bolts 

Total Assembled Wei^t 


Design Point 

6 . 8 kg/ day (15 lb Og/ day) 

23. 5 VDC 

One 

13 

2861 kN/m^ (415 psia) 

345/690 kN/m^ (50/100 psid) 

3206 kN/m^ (465 psia) 

4654 kN/m^ (675 psi^ 

23. 2 cm (9. 125”) Dia x 1. 9 cm (.75”) 
thick, 7 075 -T 651 Alum, with . 15 mm 
(.,006”) thick epoxy coating 

Sixteen, 5/16" -24 Type 316 S.S. 

7 nests of 3 in parallel per Stud, 

P/N B0750-040-S Assoc. Spring Co. 

33. 02 cm (13. 00") Dia x 26. 8 cm 
(1|.055") Thick Type 316 S.S. 

33. 02 Cm (13. OO^’’) Dia. x 152 cm (6. 0”) 
Deep 6061 -T651 Alum. , Anodized. 

Sixteen, 3/8” - 24 per MS9559-28 
W/O Insulation 72, 5Tbs. 
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13-Cell Advanced Electrolysis Module 
(With Pressure Dome Removed) 

Figure 23. 
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The configuration consists of 13 ..oils with projecting terminal plates 
compressed with 16 tie bolts, spring-loaded with Belleville washers, between 
rigid end plates. A flanged elliptical dome is fastened to the larger bottom plate 
to enclose the stack assembly. 

The photograph was taken before internal wiring was connected to the 
terminal plates and the cell voltage tabs. These tabs of . 08 mm (. 003”) niobium 
were embossed with a diamond pattern to a thickness of (. 16) mm (. 006") and 
inserted between the separator sheet and manifold gasket into the pressure pad 
cavity of each cell. They provided a dual function of individual cell voltage 
measurement and gas breathing between the pressure vessel and pressure pad 
cavity thus preventing possible gasket blowout during rapid module depressurization. 

A layout of the module assembly is pictured in Figure 24. Module design parameters 
are listed in Table V. 

The module pressure vessel is pressurized with nitrogen to approximately 
345 kN/m^ (50 psid) greater than cell internal operating pressures to eliminate 
gasket blowout from high pressures while providing an inert gas blanket in the event 
of a module gasket failure. Cell gasket thermal expansion at high operating 
temperatures is accommodated by the stack of Belleville washers on the tie rods 
which permit axial displacement of the top end plate while, maintaining axial load. 

The advanced module was assembled initially with FEP film/silicone 
rubber ( GE Compound SE - 4404 unfilled) gaskets since delivery of the molded 
gajskets was later. With the domed enclosure head removed the 13-cell stack 
assembly was proof pressure tested at 690 kN/m^ (100 psi) internal pressure and 
""cross membrane gas diffusion at 345 kN/m^ (50 psid) was measured within 
acceptable permeability limits. 

The aluminum dome was satisfactorily proof pressure tested at 
4827 kN/m^ (700 psig) using a special stainless steel test plate and filling the dome 
with water prior to pressurization for safety. The electrolysis module was then 
completely assembled with the dome and leak checked. With the dome pressurized 
with nitrogen at 345 kN/m^ (50 psig) leakage to the oxygen and hydrogen cell cavities 
at atmospheric pressure was measured respectively as zero and 13. 2 standard 
cc/hour. Calculated dome-free volxune from a pressure decay test was 4320 cc. 
Electric checkout for shorts and cell impedance measurements were found 
satisfe.ctory. 

i Operational checkout of the electrolysis module coincided with initial 

low pressure checkout of the system on June 4, 197 4. All cells performed 
satisfactorily. Module performance, at a nominal operating pressure of 
690 kN/m^ (100 psig), exhibited during warmup at varied load settings is shown in 
Figure 25 on June 13, 1974. Over a 429 hour endurance test period at a nominal 
system pressure of 690 kN/m^ (100 psig) module performance was very stable. 
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Tabulated below are the individual cell voltages which were recorded 
after one and seven days, respectively, of continuous unattended system operation at 
75 amps (350 ma/cm^), 827 kN/m^ (120 psig) O 2 , 655 kN/m2 (95 psig) H 2 /H 2 O 
pressures, 339 k (150“F) HgO inlet and 361 k (190®F) H 2 /H 2 O outlet temperatures at 
the module. 

Voltage, VDC • 

at ' 75 Amp, 350 ma/cm2 
Cell Niunber 

1 2 3 4 5 6 7 8 9 10 11 12 13 Total Sum 

•^OiH C-COOTt<rt<0'!i*<MCOL'2 
CO OOrH tHHtH OTHtH OC5 

22 34 

rHt—liH iHrHiHr-lr-frHr-IrHr-lTH 
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The change in module temperatures and voltage during reductions in 
load following the endurance test period is plotted in Figure 26. 


The end cells. Nos. 1 and 13 exhibit higher voltages because the 
measurement, as wired, includes IK drop across the terminal plates. 


2 

Following systen^ endurance testing at 690 kN/m (100 psig) and prior 
to initial testing at 1724 kN/m (250 psig), a nitrogen dome leakage check disclosed 
leakage from a Conax ^and sealii^ module cell voltage lead wires through the end 
plate. This teflon gland seal becomes hot 339 k (150 F) during module operation 
and evidentally some permanent set and contraction allowed leakage at room tempera- 
ture. Upon commencement of module tests at 1724 kN/m^ (250 psig) it was discovered 
that cell voltage readout on cell numbers 12 and 13 was not possible althoi^h module 
operation and total voltage was otherwise normal. The common voltage tab between 
cells 12 and 13 was evidentally loosened or pulled out when the nut and gland was 
rotated to effect a seal on the lead wires. 


Measurements of module temperature and voltage over a load profile 
from 20 to 75 amperes at a nominal operating pressme of 1724 kN/m^ (250 psig) are 
plotted in Figure 27. , ^ . 

Coincident with this test run at a module current of 75 amps (350 ma/cm^ 
the following cell voltages were recorded. 


56 

DIRECT ENERGY CONVERSION PROGRAMS 



6ENERAL<^(S ELECTRIC 




Module H 2 /H 2 O Out Temperature 



Module Surface Temperatures /^®F 

_ ^^^^Dome 

>End Plate 




Regulated H 2 O Temperature ~ ‘F 



Module Total Voltage rJ DCV 
(13 Cells) I 





Module Current Setting a» A mp 


Average Operating Pressures r/Psisr 


Module Dome, N 2 Pressure =160 133 

O 2 Regulator In =120 

Module H 2 /H 2 O Out = 95 

rig Regulator In = 90 

N 2 Base Pressure =78 

(j) Separator/Pump AP = 9. 7 Psid 


0850 Hours, 6-25-74 thru 1600 Hours, 7-3-74 


Elapsed Time Hours 

Figure 26. WES Unattended Endurance Test Steady State 
Load/Temperature Evaluation 
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Regulated H 2 O Tempera tu^e/^i;*F 
{Module H 2 O In) 


Averasce Operating Pressures '^Psie 


Module Dome, N 2 Pressure = 260 to 310 Max. 

O 2 Regulator In. =260 

Module H 2 /H 2 O Out = 240 

H 2 Regulator In = 220 

N 2 Base = 206 

Separator /Pump AP = 5.9Psid 


Set Module Current (v Amp 



Elapsed Time ^Hours 

Figure 27. WES Test Run onAugust 20, 1974 
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Voltage, VDC 


at 75 Amps, 350 mA/cro^ 


Cell No 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1.734 1.710 1.697 1. 696 1.688 1.684 1.680 1.691 1. 692 1.673 1. 679 * * 


Termi- 

nal 

22.4 


♦ No cell voltage measiirement capability on 
Cell numbers 12 and 13 


Module performance at design point conditions of 75 amp (350 mA/cm^) 
load, 2860 kN/m^ (415 psia) nominal pressure and 367 K (200 F) outlet temperature 
was satisfactorily demonstrated by the following operating conditions on 11-7-74. 


TABLE VI 

Measured Parameter Operation Value 


Module Cxirrent, Amp 

75 

Module Current Density 

350 mA/cm^ (325 ASF) 

Module Terminal Voltage, VDC 

22.4 

Module Dome N 2 Pressure 

2965 kN/m^ (430 psig) 

Regulated O 2 Pressure 

2772 kN/m^ (402 psig) 

Module H 2 /H 2 O Outlet Pressure 

2578 kN/m^ (374 psig) 

Regulated H, Pressure 

2482 kN/m^ (360 psig) 

Regulated N 2 Base Pressure 

2275 kN/m2 (330 psig) 

Phase Separator - Pump A P 

53. 8 kN/m^ (7. 8 psig) 

Mean Process Water Flow Rate 

8. 07 kg/hr. (17. 8 PPH) 

Regulated Module Water Inlet Temp. 

339 k (151®F) 

Module H 2 /H 2 O Outlet Temp. 

372 k (210**F) 

Module Dome Skin Temp. 

350 k (170*F) 

Module End Plate Skin Temp. 

347 k (165°F) 
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Voltage, VDC 
at 75 amp, 350 mA/cm2 
CeU No 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1,734 1.717 1.708 1.714 1.695 1. 693 1.691 1.714 1. 699 1.678 1.691 * * 22.4 

* No cell voltage measurement capabUity on 
Cell numbers 12 and 13 

Because of reduced pumping A P of the phase separator -pump at high 
system operating pressure which reduced process water flow rate and increased 
module outlet temperatures, module operating loads greater than 50 amperes 
(233 mA/cm^ could not be sustained for periods of time exceeding six hours. 

After 550 hours of module operation which included hi^ pressure and hi^ 
temperature operation, the assembly was rechecked for internal leakage with nitrogen. 

At 345 kN/m^ (50 psid) pressure differential, N 2 dome to O 2 side and N 2 dome to 
H 2 I side leakage rates were measured 3. 13 SCCM and 3. 81 SCCM respectively. 

Cross membrane cell diffusion of nitrogen at 345kN/m'^ (50 psid) O 2 to H 2 side was 
measured at 8. 3 SCC/hr/cell which was under tlie 10 SCC/hr^ell allowable 
diffusion for new cells. Nitrogen leakage from the dome to the cell prevented 
locking in nitrogen pressure during unattended operation and was tditributable to 
difficulty in sealing the manifold port locations which was experienced during 
assembly. The O 2 to H 2 side sealing capability was effective in the cells so 
testing was contained without servicing the module. 

The performance characteristics of the 13-ceIl electrolysis module at 
these pressures (shown by the relationship of cell voltage, current and operating 
temperature), are shown in Figure 28. These data are taken from mapping and 
parametric testing of the system over a period of time rather than from a sin^e 
run evidenced by Table VI. Lines of constant current or cell current density are 
drawn which show the linear decrease in cell voltage as the module H 2 /H 2 O outlet 
temperature would increase during a warm-up period at constant load settinga 

Satisfactoiy electrolysis module performance was also demonstrated 
during the orbital cyclic mode of WES operation. Because of parasitic losses caused 
by gas diffusion through the SPE cell at high temperature and pressure a load of 
5 amps or greater is required to sustain a net gas production such that the O 2 and H 2 back 
pressure regulators maintain system pressures. During a period of seven days or 
170 hours of continuous iinattended system operation in the automatic cyclic mode, the 
module was cycled between loads of 6 and 20, 30, 40 and 50 amperes. A recorded 
trace of module terminal voltage over an 11 hour period on 1-28-75 is provided in 
Figure 29. Maximum voltage occurs immediately after the 40 amp load is 
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ELECTROLYSIS MODULE H2/H2O OUTLET TEMPERATURE, OKELVIN 

Figure 28. 13 -cell Electrolysis Module Performance Characteristics 


61 

DIRECT ENERGY CONVERSION PROGRAMS 




SSsTT^ 

s 

1 

s 

yrr, 

s 


M 

M 

a 








generalO electric 


instantaneously applied and decays slightly during the warm up period at high load. 
Minimum voltage occurs immediately after the load change from 40 to 6 amps and 
increases very slightly as some cooling of the module occurs at the low standby 
load. 

After an accumulated gas generation time of over 1040 hours on the 
module as part of advanced WES testing, it was removed from the system to be 
disassembled for inspection and installation of molded fluorosilicone gaskets in 
place of the FEP film/silicone gaskets as initially assembled. In addition to the 
new gasket configuration, the electrolysis module will be reassembled with seven, 
instead of thirteen, cells reflecting the three -man oxygen generation requirement 
of a WES Test Demonstration Unit for the Life Sciences Payload Program under 
Contract No. NAS 9-14205. The advanced breadboard system will serve as a test 
bed to evaluate performance and endurance of the new module configuration as well 
as other components incorporating modifications for the Test Demonstration Unit. 
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3,3,2 Power Conditioner 

The 75 amp power conditioner was developed on previous Contract 
NAS 1-9750 and adapted for use on this system. The unit is of open construction 
(Figure 30) vnth water cooling of the main power handling components. The output 
is directly coupled to the electrolysis module and the output can be controlled from a 
remote potentiometer to give from 0 to 75 amps to the module. 

The power conditioner circuitry is shown schematically in Figure 31 
It is basically a step-down, time-ratio-coiitrol current regulator. 

The power circuit is a conventional transistor controlled switch using 
two parallel transformer coupled transistors . Transformer drive is obtained with a 
two transistor Darlington drive configuration operating directly from TTL logic gates 
(S/N 7400N). Pulse width control of the fixed repetition rate modulator is obtained by 
dynamically var 3 nng the time constants of the monostable pulse generator S/N 74122N 
over the range of from < 5 microseconds to the maximum width of one half of the 
330 microsecond period. The two modulating circuits acting alternately as controlled 
by flip flop S/N 7474, will then provide a continuous drive to the power transistors 
and a resulting continuous conduction characteristic of voltage limited operation. 

The control amplifier (741) is basically an integrating amplifier 
responding to the error signal difference between the shunt signal and the reference set 
by the current control of the control panel. 

The fixed pulse repetition rate is provided by a unijunction pulse 
generator which is amplified \vith a transistor and a logic gate. 

The unit is normally controlled by biasing the reference circuit to 
where it calls for less than zero current. This enables the unit to start-up and shut- 
down very smoothly at any current setting. 

One of the drawbacks of adapting this power conditioner from a 
previous contract was the floating negative module bus. Direct overvoltage shutdown 
protection divider circuitry was found to be overly sensitive to operating transients 
causing erratic shutdowns . Replacement with a meter relay which did not require the 
negative common reformer eliminated this problem. The same result could have been 
accomplished by using PNP switclnng transistors and a common negative bus, however, 
it did not seem practical to redesign and rebuild the power conditioner just to overcome 
this limitation when a meter relay was available and worked very satisfactorily. 
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Dynamic Phase Separator -Pump 


Important to the design of an advanced, high pressure water 
electrolysis system utilizing a cathode feed SPE module design, was the need for 
reliable H 2 /H 2 O phase separation and process water circulation essentially insensitive 
to system operating pressure and its possible variations with operation conditions in 
a 1 g or zero gravity environment. Experience in low pressure electrolysis systems 
with passive means of phase separation and available pumps had shown the vulnerability 
of these devices to system pressure changes resulting in loss of positive separation 
and/or pump cavitation. A successful centrifugal phasi3 separation device had been 
developed by the Fluid Dynamics Corporation, Chester, California. An advanced design 
for the high pressure WES application required increased pumping pressure differential, 
higher gas volume rates and high line pressure capability. Analyses were made from 
WES component test data in Phase I to predict H 2 /H 2 O separation and process water 
flow requirements to define a specification for a combined phase separator -pump. This 
specification, No. 73A49-828, is included in the appendix. 

An outline drawing of the phase separator-pump developed by Fluid 
Dynamics Corporation under Phase II of this program is provided in Figure 32 . 

The phase separator -pump assembly consists of a single phase, 

115 VAC, 60 Hz synchronous motor, permanent magnet drive coupling, pump impeller, 
speed-sensing pickup impeller, H 2 outlet solenoid valve, overboard relief valve and 
accompanying electronic control. The permanent magnet on the motor armature engages 
and spins a concentric magnet sealed inside and attached to the pump impeller thus 
avoiding a shaft seal. Protruding radial vanes on the pump impeller cause the liquid 
in the separator spin chamber to form a rotating hollow cylinder which creates a 
separating force in excess of 200 g's on the incoming fluid. The lighter fluid of a two 
phase mixture, consisting in this case, hydrogen and water, is separated by moving to 
the center or core of the spin chamber. The heavier fluid is drawn into the centrifugal 
pump impeller and is discharged into a chamber connected to the water outlet port. 

As a mixture of hydrogen (saturated with water vapor) and water 
is delivered to the separator, the gas and vapor will be forced to the center core while 
the liquid will be discharged out of the pump section. 

As more gas is separated the center core grows in size and must be 
vented to allow the separating action to continue. A secondary, or sensor, impeller 
is mounted in such a way as to face the driving impeller and the rotating mass of liquid 
causes this impeller to rotate with the fluid. Since the diameter of the sensor impeller 
is smaller than the spin chamber, the rotating liquid moves out of contact with sensor 
impeller blades as the gas core grows in size. The sensor impeller, through various 
components, activates a logic circuit which determines a rotating or non-rotating signal. 
A non-rotating signal causes the logic circuit to open a solenoid valve allowing the gas in 
the core to be vented. Since the separator is operated at a pressure higher than the 
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discharge point, gas is forced out of the separator. This causes the gas core to shrink, 
and the spinning liquid engages the sensor impeller causing the logic circuit to close 
the solenoid valve. More gas enters, is separated, the gas core grows until the sensor 
impeller slows, the vent valve is opened, the core shrinks, the sensor impeller rotates, 
and the valve closes. Cycling of the solenoid valve is continuous with a steady input 
of gas increasing in frequency to about ten cycles per minute at maximum volumetric 
hydrogen generation rate whereas water flow rate is determined by H 2 O outlet minus 
2 (t) inlet AP and the flow impedance of the recirculation loop. 

The phase separator/pump and its electronic control box was bench 
tested at low pressure using a seven -cell electrolysis stack as a source of two -phase 
H 9 /H 2 O flow. Operation was found satisfactory except that measured pump pressure 
rise was 63. 4 kN/m^ (9, 2 psid) instead of 69 kN/m^ (10. 0 psid) as specified and 71, 7 
kN/m^ (10.4 psid) as obtained by Fluid Dynamics Corporation (see Figure 33) at low 
system pressure. A subsequent proof pressure test showed excessive leakage at the 
bolted flange or end plate v/hich attaches the solenoid valve and relief valve to the 
separator /pump housing. Recommendation by Fluid Dynamics Corporation was made 
to reduce a 0.4 mm (. 016” shim) to about .30 mm (.012 inch) thickness to increase the 
compression on two 0-ring face seals. This was accomplished and the separator/ 
pump assembly successfully passed a proof pressure test of 3340 kN/m- (557 psig) 
without evidence of external leakage. Subsequent bench testing to re-evaluate separator, 
pump operation showed an increase of pump differential to 71, 7 kN/m- (10.4 psid) 
probably due to reduced internal ronning clearance. The setting of the built-in relief 
valve was increased from 124 to 138 kN/m" (13-20 psid) to 290 kN/m" (42 psid) cracking 
pressure, 207 kN/m^ (30 psid) reseat pressure. 

Performance of the phase separator /pump was satisfactory over 
a 429 hour test period which included system checkout at low pressure and continuous 
operation for over 300 hours at a phase separator/pump inlet pressure of 655kN/m^ 

(95 psig) and an H 2 O out minus 2 inlet AP of 64.8kN/m^ (9.4 psic^ . When system 
pressures were adjusted for operation at a nominal level of 250 psig, phase separator/ 
pump operation was found to have dropped to under 41kN/m2 ( 6.0 psid) thereby reducing 
process water flow rate. With the concurrence of Fluid Dynamics Corporation, the 
manufacturer, it was decided to obtain system performance data at maximum system 
pressure of 2860kN/m^ (415 psia) before returning the separator/pump for vendors 
examination and correction. At this pressure level decoupling of the magnetic drive 
sometimes occurred as well as leakage of the solenoid valve and integral relief valve. ' 
Removal and inspection of the solenoid valve revealed from wear -marks that the open 
coil of the return spring evidently snagged in the longitudinal groove of the plunger thus 
preventing its return and proper seating. Correction was accomplished by reversing 
the coil spring such that the open coil faced the shoulder on the plunger. An improper 
0 -ring seal was found in the relief valve which was corrected by removing the spring 
and inserting a 1/4 inch tube spacer. Tliis, however, left the relief valve non- 
functional, but was not considered necessary for WES safe operation. It was also 
learned that normal pumping AP was restored at low pressures. The unit was removed 
from the system and sent to Fluid Dynamics Corporation on 9-11-74 for high pressure 
evaluation and coirective modifications as necessary. 
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As evaluated by the vendor, loss of pumping pressure differential 
at high operating pressure was attributed tg excessive thrust bearing friction causing 
loss of motor speed and at times decoupling of the magnet drive to the pump element. 

The thrust bearing was altered to include improved relative slip between a glass-filled 
teflon thrust washer and a stainless steel ring inserted in the impeller. Recommendations 
by Fluid Dynamics Corporation for a more improved redesign, not possible within the 
configuration of the current unit, would include substitution of graphite for teflon for 
further reduction of friction and increasing the torque capacity of the magnet drive from 
22 to 35-inch-ounces. To prevent magnet uncoupling on the present unit the motor speed 
was reduced slightly at high torque with the change of a capacitor in its circuit to 
increase motor slip. 


Phase separator /pump operation \yas satisfactory when re-installed 
in the system, although it did exhibit some sensitivity to system pressure by a AP 
reduction from about 9. 5 to 8. 0 psid between respective operating pressures of about 
138kN/m^ (20 psig) and 2480kN/m^ (360 psig). Two occurrences of component 
malfunction during system evaluation resulted ultimately in a bearing seizure of the 
separator /pump which required additional repair. During system depressurization 
and drainage of the process water loop without the separator /pump operating, reversal 
of water flow thr ough the deionizer caused dislodging of resin beads into the separator/ 
pump water discharge line (which was subsequently flushed) and some inadvertently 
into the impeller cavity. During unattended system operation a broken solder joint on 
a water accumulator switch prevented makeup water addition to the process water circuit. 
This ultimately resulted in fault shutdown of ’Tow" separator/pump AP equal to 24kN/m^ 
(3. 5 psid). The low AP resulted from an enlarged gas core which reduced water 
lubrication of the impeller thrust bearing, and some deionizer resin particles had settled 
in the . 010 inch clearance between the thrust bearing and impeller, thus interferring 
with rotation. Normally, the pump could handle this foreign material as a centrifugal 
pump with adequate water flow. However, with reduced water flow rate the gas core 
enlarged in diameter and exposed dry regions of the thrust bearing which eventually 
picked up the resin particles and bound up. New bearings were fabricated and the 
separator assembly was bench tested at low and high pressure by Fluid Dynamics 
Corporation. 


The repaired phase separator/pump was re-installed in the system 
on 12-3-74. Subsequent system evaluation revealed at the nominal operating pressure 
of 2413kN/m^ (350 psig) that pressure rise across the circulating pump element was 
51. 7kN/m^ (7. 5 psid) as opposed to 69kN/m^ (10 psid) measured by a vendor bench 
test. The difference was later attributed to possible deflection of the pump housing 
at elevated pressure which increased the impeller clearance and reduced pump 
performance. 


Because a few drops of water had been observed in the glass tube 
hydrogen flowmeter, a translucent 1/4" diameter nylon line was installed at the hydrogen 
outlet of the phase separator. During system operating conditions with a full water 
accumulator, a pressure differential of about 159kN/m^ (23 psid) can exist across the 
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closed solenoid valve. Water slugs up to 2. 5 cm long were periodically observed 
'discharged with the hydrogen when the solenoid valve was opened. Apparently, the 
surge of hydrogen from the gas core at high differential allowed some carry-over 
of water to the outlet. This condition was corrected later in the program by an 
internal modification which prevented the sensing impeller from picking up water/ 
gas interface during venting at high differential pressure. 

On 12-31-74, the system was automatically shutdown caused by a 
’’high" two-phase pressure fault condition resulting from a failed bellows in the 
hydrogen back pressure regulator. The poppet of this component continuously cycles 
between an open and almost closed position as the solenoid valve on the phase separator 
is energized cyclically. The frequency, dependent upon gas generation rate, was about 
10 cycles per minute at 30 amperes. It was estimated that 400, 000 cycles were 
accumulated to this failure point with a WES accumulated gas generation time of 
629 hours. Subsequently the system was installed with a repaired hydrogen back 
pressure regulator and an electrical counter which was energized simultaneously 
with the solenoid valve on the phase separator /pump. 

As reported in Para. 3. 4. 3 a differential H 2 back pressure 
regulator was added downstream of the separator solenoid valve with a reference to 
separator/pump H 2 O outlet pressure. This device has reduced the continuous cyclic 
operation of the solenoid valve and no water discharge was evidenced in the translucent 
H 2 outlet line. During an extended period of over 200 hours of system operation the 
pressure rise of phase separator /pump gradually diminished from 7. 6 to about 6. 0 psid 
which required readjustment of the differential pressure regulator to "hold” the 
solenoid valve open. 

On Februairy 10, 1975, the phase separator was removed from 
the system and disassembled. Inspection of the pump revealed that the teflon washer 
shim between the impeller and housing had been worn and frayed. This was replaced 
with a .13 mm (. 005") thickniobium metallic washer. The separator/pump was then 
reassembled and bench tested with a pressurized water reseroir up to 2413kN/m^ 

(350 psig) and with circulated water flow (without two-phase input capability). A pump 
APof about 62kN/m^ (9. 0 psid) was measured in this set up. After re-installation 
of the separator and subsequent operation in the system at design pressure for a few 
hours its measured AP changed to about 51. 7kN/m^ (7. 5 psid). 

Additional system tests were conducted to determine the variance of 
phase separator /pump AP with low and high pressure operation with solid water or 
two^phase flow separation, etc. Provision was made with a ''tee" inserted in the 
two-phase line at the separator /pump inlet to inject nitrogen gas. Gas injection at 
this point took the form of small bubbles swept by the continuous water stream; whereas, 
electrolysis operation usually results in alternate cylindrical bubbles and water slugs. 
The "tee" was, therefore, relocated to the two-phase inlet of the primary heat exchanger. 
In passing through about 6. 1 meters (20 feet) of 1/4 inch diameter tubing of the heat 
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exchanger as well as working against a 25 to 38 cm (10 to 15 inch) water column, a 
more slug-like flow was established. A differential gage was also installed to measure 
separator Ap, i.e. , (H 2 O OUT minus 2 0 IN). Separator pressure differential was 
measured under a variety of conditions, i. e. , 103 to 2'413 kN/m^ (15 to 350 psig) 

0 to high injection rates of N 2 or H 2 gas as well as with electrolysis module generation. 

At low pressure a differential of 59 to 62kN/m^ pf (8.5 to 9.0 psic^ was usually 
experienced which fell off to 51. 7 to 55kN/m^ (7. 5 to 8. 0 psid) at design operating 
pressure of 2413kN/m^_ (350 psig). This change was sometimes erratic and sudden, 
however, particularly at high pressure or by stopping and restarting. Although 
a Ap of 51. 7kN/m^ (7. 5 psid) was normally realized at 2413kN/m2 (6. 5 psid). Two 
phase operation of 12 hours or more resulted in a reduction to about 45kN/m^ (6. 5 psid). 
The phase separator /pump was not disassembled or removed from the system 
installation to further ascertain the cause; but, as previously hypothesized these 
variations were probably due to changes in internal impeller clearance causing 
variation in internal leakage which affects pump performance. 

Operation of the phase separator /pump with the differential pressure 
regulator, whereby the solenoid valve is maintained continuously open, usually results 
in generation of a repeating pulse or dip in pump AP lasting one to two seconds. Periods 
of steady operation may be up to an hour, but once triggered by a load change, operation 
of the makeup pump or some flow transient, the pulse is sustained at a frequency of 
usually two to seven times per minute. During this pulse the pump AP drops from a 
normal 48 to SOkN/fn^ (7 to 8 psid) to about 34kN/m^ (5 psid) and then returns to the 
higher value. A change in water flow coiiicides with the change in AP and motor speed 
increases sharply as AP is reduced by a larger core diameter. Because the operation 
of the phase separator pump, differential pressure regulator and water accumulator 
are inter-related, the exact cause was not apparent. By isolating the water accumulator 
and differential pressure regulator with valves and by elimination of water in the H 2 
discharge with a trap, the causes of possible instability could be determined. It was 
found that pulses could occur when the solenoid valve was powered open, even with the 
differential regulator and water accumulator ineffective in the fluid circuit by valving. 

It appears that the core diameter may be oscillating slightly (noted by slight AP 
oscillations) which becomes unstable probably due to a speed increase as the core 
diameter grows and the motor becomes unloaded (possibly aggravated by the built-in 
slip condition). At low pump AP a churning sound is heard for about one second and 
then the motor speed is reduced and high AP is restored as the core collapses. Pulsations 
have been observed during system operation at low and high pressures and at low and 
high loads. Observations were also noted during a shutdown condition with the phase 
separator/pump "on" when the two-phase loop was being drained. That is, pulsations 
could occur when the solenoid valve was powered opem 3-s caused by a partially drained 
separator with an enlarged core. Although disconcerting, the pulsations noted are less 
frequent and no more detrimental to system components than those oscillations caused 
by a constantly cycling solenoid valve. Further phase separator testing and development 
should investigate whether pulsations are prevented by a synchronous speed or whether 
the vortex region or the pump impeller should be modified with baffles to retard free- 
surface oscillations of the core. 
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In summary, the technical difficulties experienced with the develop 
ment of the dynamic phase separator/pump were primarily related to the undersize 
torque rating of the magnetic coupling which required the reduction in motor speed to 
prevent decoupling. The modified speed-torque characteristic resulted in a speed 
and AP output sensitivity to impeller torque variations with clearance and bearing 
friction. Positive aspects of the component development were that the unit provided 
effective H2/H2O separation over the wide range of system operating pressures and 
gas production rates and was proven functionally compatible with the automatic start, 
stop and cyclic operating requirements of the system. Centrifical separation with 
a hollow core and with gas venting capability completely eliminated pump cavitation 
problems and no gas was ever entrained in the water discharge, For this reason, 
the phase separator was operated continuously during system depressurization to 
effectively separate and handle H2 outgassing of process water in the two-phase loop 
as pressures were reduced. 
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3. 3. 4 Water Accumulator 

The water accumulator provides the dual function of accomodating 
the changes in the quantity of water in the two-phase region of the process water loop 
due to sudden changes in load or hydrogen generation rate, and, it also provides the 
sensing means for adding makeup water periodically as it is consumed by the elec- 
trolysis module. Bench tests with a seven-cell electrolysis stack verified the changes 
in water "held up’’ in the hydrogen cavity of thi! cells at various applied loads. Also, 
the quantity of water contained as cylindrical slugs with two-phase flow in fluid lines 
depended on rates and the volume ratio of gas and liquid. Anticipated volumes of 
fluid components handling hvo-phase flow were calculated with the electrolysis module, 
primary and regenerative heat exchangers making up the largest portion of total 
volvime for sizing the water accumulator. 

Requirements for the design of a water accumulator meeting the 
volume displacement requirements and the smtching logic for makeup water addition 
are provided in Spec. No. T3A 490-862 contained in the appendix. Commercially 
available accumulators or hydraulic cylinders could not be modified to meet these 
requirements primarily because materials used were not suitable for water service. 
Response to quotations were received from four vendors but cost and delivery in ail 
cases were beyond program plans. 

The design of the water accumulator specially made for the VvES 
requirements is shown in cross section on Dra^ving No. ■73A490-3'T3 in Figure 34. It 
consists of a customary hydraulic actuator design with piston, rod, return spring, 
hollow cylinder and square end plates sealed with 0 rings and secured with four tie 
rods. The piston design shown was for incorporating TFE coated "Quad” rings. An 
alternate split-piston design suitable for chevron -type teflon seal rings was also 
fabricated. The cylinder bore and piston rod were honed to an 8 RMS finish to 
minimize friction. All metal parts are made from 300 series stainless steel. The 
water storage capacity of the unit is 261 cc consistent with a full stroke of 7. 62 cm 
(3 inches), A . 635 cm (.25 inch) square by 2, 54 cm (1. 00 inch) long magnet is 
contained in the end of the piston rod, which actuates proximity switches, fastened 
to the surrounding bracket, at zero and full stroke positions. The number of internal 
washers (one inch diameter bolt size) located on the tubular piston stop can be 
varied to adjust spring force for various operating pressures. 

Bench tests were performed on the accumulator to evaluate both 
piston seal designs and to set pre-load on the return spring. The teflon seal, of a 
chevron -t}73e having a captured expansion spring, demonstrated lower friction but 
allowed a small amount of water leakage (H 2 O to H 2 outlet) which was considered 
unsatisfactory. The TFE coated "Quad" ring exhibited a 20. 6 to 34. 5kN/m^: (3 to 5 
psid) pressure differential due to friction, but mamtained a leak-proof seal. The piston 
was assembled with only one ring to limit friction. Typical accumulator performance 
during a bench test is shown in Figure 35 with the hydrogen side of the piston at 
atmospheric pressure. At elevated system H 2 pressure-, the pistion pressure differential 
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(H 2 O - H 2 ) increases because of the imbalance caused by the piston rod area. 

Accumulatior performance during the e.'rtended period of system 
operation exhibited a minimum of difficulty. On one occasion the WES was automatically 
shut down due to a broken solder joint on the "empty" position switch. After oyer 
550 hours of WES operation the water accumulator was observed to stick near the 
"empty" position. The component was disassembled and the teflon coating on the 
"Quad" ring seals was observed to be worn off and deposited on the cylinder wall near 
the "empty" position where most of the cyclic stroking occurs (from phase sepai*ator 
solenoid valve cycling). The seals were replaced and Dow Corning silicone grease and 
"Apiezon" pure hydrocarbon grease were evaluated as lubricants. The latter gave 
smoother stroking results so was used in the assembly. 

The function of the accumulator was evaluated during load and 
pressure transients as well as during the cyclic mode of WES operation. During 
system operation at high load the high-volume components of the two-phase loop 
(primarily the electrolysis module and two heat exchangers) are filled with a mixture 
of hydrogen and water having a greater portion of hydrogen. At a low gas production 
rate in the standby mode the mixture changes to mostly water in these components. The 
difference in the quantity of water in the two-phase loop caused by load change must be 
accommodated by the water accumulator. Parametric tests of cyclic operation were 
conducted between a standby current of 6 amperes and selected currents of 20, 30, 50, 
and 75 amperes which provide the data in Figure 36. As current is changed from low 
load to high load, water is added to the accumulator from the two-phase loop. At load 
reductions water is removed from the water accumulator by the return spring in the 
piston. At maxumum load differential, piston displacement approximates 3. 8 cm 
(1. 5 inch). To accommodate this displacement it was necessary to relocate the 
"empty" switch of the water accumulator to the center position of the 7. 62 cm (3. 00 inch) 
maximum stroke. This was done with the addition of a button-actuated switch which 
was actuated by the piston rod for any stroke position between 0 and 3. 70 cm (0-1. 46 inch); 
refer Figure 35, From this position, maintained by water addition from the makeup 
pump, the water accumulator will tend to fill with water for a load increase or almost 
empty to the zero stroke position for a large load reduction. In the latter case, the 
makeup pump is on for about eight minutes during the standby period to return the 
piston to the mid-position. It was therefore necessary to increase the ESD delay time 
for an "empty" water accumulator from 4. 5 to 9. 0 minutes. 

From all piston positions a continuous feed of sufficient water is 
always available to the two-phase loop such that pressure decay is minimized and normal 
phase-separator /pump pressure rise is also maintained during load changes. 

It had been concluded after system checkout that the accumulator 
check valve (Item 2-6, Fig. 16) was not a necessary system component. To verify 
this by test this component was removed from the WES. One result was that the makeup 
pump was noisier but otherwise system operation at low pressures and high pressures 
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was basically the same. Throttling of the accumulator metering valve (Item 30-1 , 

Fig. 16) does diminish the magnitude of the piston stroke during cyclic operation of 
the solenoid valve on the phase separator /pump. 

The same check valve was inserted in the water outlet line of the 
phase separator /pump to learn if it might reduce the pressure flow excursions caused 
by cyclic operation of the solenoid valve on the phase separator/pump. It was deter- 
mined that the check valve was effective in controlling the water flow direction during 
priming of the system but did not alter system operation or reduce pressure-flow 
excursions. It appears that rather than the gas core being collapsed by reverse water 
flow when the solenoid valve is opened, there is a sudden rush of two-phase flow into 
the phase separator /pump supplied by the reservoir of two-phase fluid in the 
electrolysis module and heat exchangers. Pressure drop across the check valve in 
the flow direction was about 6. 9kN/m^ (1 psid) so that water flow rate was reduced. 
The conclusion was to leave the check valve out of the system for either function. 
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3. 3. 5 Oxygen Absolute Back-Pressure Regulator 

An oxygen absolute back-pressure regulator P/N 356-01 was 
designed and fabricated by Ausco, Inc. , Port Washington, N. Y. in accordance with the 
requirements of Specification No. 73A490-831 Rev. B contained in the appendLx. A 
drawing of this unit is provided in Figure 37. 

The valve is of the direct acting, bellows loaded poppet type. The 
evacuated bellows acts to oppose the ambient pressure force to hold the poppet seated 
until crack pressure is reached, then allows the poppet to lift off its seat for flow. 
Adjustment of the crack pressure over the range of pressure from 690 to 3448kN/m^ 

(100 to 500 psi) is accomplished by turning the gland into the body; then the key type lock 
is brought into the mating slot in the body by the knurled nut. This gives a positive lock 
between the body and gland so that vibration, etc. will not alter the pressure setting. 

This regulator controls oxygen back-pressure on the electrolysis module in the WES. 

Vendor bench tests with N 2 gas on the unit prior to delivery are included in Table Vn. 

Performance of the unit duriiif all WES testing was excellent at the 
adjusted levels of 827, 1793 and 2758kN/m^ (120, 260, and 400 psig) regulated oxygen 
pressure used durmg automatic system operation. No seat leakage was ever observed 
below set cracking pressure. 

3. 3. 5 Hydrogen Absolute Back-Pressure Regulator 

A unit identical in design to the oxygen absolute back-pressure 
regulator was fabricated by Ausco, Inc. as P/N 356-02 to meet requirements for a 
hydrogen absolute back-pressure regulator per Specification No. 73A490-830 Rev. B 
contained in the appendix. 

Vendor bench tests with helium gas on the unit prior to delivery are 
included in Table VIII* Adjusted levels of regulated hydrogen pressure were established 
at 620, 1517, and 2413kN/m^ (90, 220, 350 psig) during automatic system operation. 
Pressure regulation and poppet sealing at lock-up conditions was observed to be 
excellent. 

A regulator failure occurred on 12-31-74 at 2413kN/m^ (350 psig) 
operating pressure after 619 hours of operation and an estimated 400, 000 open/close 
cycles caused by cyclic operation of the solenoid valve on the phase separator. Dis- 
assembly of the valve assembly revealed a cracked bellows. The bellows manufacturer 
attributed failure to cyclically applied high stress condition on the diaphragm. 'Recommend- 
ations for substantially increased cycling capability would be to increase diaphragm 
thickness from .152 to .178 cm (. 006 to . 007 inch). 

A gpare bellows assembly was installed in the failed regulator 

which was re-installed in the WES for resumption of testing on 1-3-75. Because this 
assembly continued the original bellows design, efforts were made to reduce the cyclic 
n?iture of phase separator solenoid valve operation as discussed in Para', 3.3.2. 
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3. 3. 6 Water Temperature Regulating Valve 

The water temperature regulating valve controls the process water 
temperature entering the electrolysis module. This valve mixes the water heated by 
the regenerative heat exchanger with a portion of the process water which bypasses the 
regenerative heat exchanger to maintain essentially constant temperature leaving the 
valves. Electrolysis module performanc e is improved by the higher operating temper- 
ature, remains independent of changes in coolant and ambient temperature at high load 
and module warm-up time is reduced. The water temperature regulating valve was 
designed and fabricated by Standard-Thomson Corp. . Waltham, Massachusetts in 
accordance with Specification No. 73A490-829 Rev. B contained in the appendix. A 
drawing of the unit is shown in Fig. 38. Valve function is performed by an internal 
spool or actuator which contains a hermetically sealed eutectic wax. Expansion and 
contraction of the wax due to temperature variations results in valve displacement and 
subsequent proportioned mixing of "hot" and "cold" entering water. 

Performance of the temperature regulating valve installed in the 
WES was excellent throughout system testing at all water flow conditions. Water discharge 
temperature was controlled usually within 2K (3. 6®F). of the regulated setting of 
339K (loifF) . This controlled temperature is maintained for all module loads greater 
than 50 amps which provide a module heat rejection sufficient to raise the temperature 
of process water flowing tlirough the regenerative heat exchanger and to the "hot" 
water inlet part of the temperature regulator to a value above 339K (150*F) . At 
module loads below 50 amps the temperature regulating valve is closed to the "cold" 
water inlet part so no process water by-passes the regenerative heat exchanger and 
module water inlet tem^perature see'-s a lower level of thermal equilibrium (See 
Figure 26) . 
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Process Water Deionizer 

On the basis of makeup water supplied to the WES having total 
dissolved solids of 5 PPM (Refer Guideline Spec, in Table III),a mixed deionizer bed 
size of about 80cc was determined for water consumption of 7. 7Kg (17 lb.) /day for 60 
days at 50 percent bed efficiency. Because of internal generated metal ion 
contaminants resulting from slight corrosion of stainless steel (primarily type 316) 
components in the process water loop, the bed size was increased to 500 ML utilizing 
a commercially available, high pressure gas sampling cylinder as a container. 

(Model No. 6-645-2520, Matheson Gas Products, Typ® 304SS, 1800 psig rating). 

This container was machined with 9/16-18 UNF female threads on each end and internally 
coated with . 15mm (. 006") thick gray durathane by American Durifilm Co. , Inc. , 

Newton Lower Falls, Massachusetts for corrosion resistance. To the internal face of 
a commercial outlet fitting was spot welded 100 mesh, type 310 stainless steel screen 
A micron in-line filter P/N 20666-4-40, Mectron Industries, Inc. , South El Monte, 
California was installed in the outlet line. The container was filled with Universal I 
monobed resin, Illinois Water Treatment Co. , Rockford, Illinois and with glass wool 
packed between the resin bed and fitting at each end. The results of these water flow 
pressure drop tests on 2-5-74 are plotted in Fig. 39. 

Because of reduced water flow rate on 11-11-75 the deionizer 
in-line filter was removed and found plugged with fines from the resin bed. Further 
inspection revealed many dionizer beads in the water line between the phase separator/ 
pump and inlet to the deionizer. The latter was expected to occur a few days 
previous during which rapid depressurization from 2413kN/m2 (350 psig) of the 
system without the phase separator/pump operating because of a leal^ H 2 vent valve 
(Item 28-1). Rapid venting of hydrogen and water from the two-phase region causes 
flow surges, and in this case, high flow reversal through the deionizer thus dislodging 
the beads into the inlet line. Inspection of the resin bed indicated considerable 
anion resin material had degraded to a fine powder. 

The inlet fitting of the deionizer was also provided with 100 mesh 
screen filter to retain resin beads in the event of flow reversal. The container was 
re-filled with Mixed Bed Resin AG501-X8 from BIO-RAD Laboratories, Richmond, 
California having a 20-50 mesh bead size which was used with good results in other 
laboratory work. The degraded resin from Elinois Water Treatment Co, , was evidently 
the result of a quality control problem. The result of a water flow pressure drop 
test on this configuration is also plotted in Fig. 39. 

Following a WES test demonstration on 2-11-75 the system was 
depressurized without the phase separator /pump operating and with water flow 
control valve (Item 30-2) inadvertently closed. This condition resulted from trapping 
rather than expelling from the process water the hydrogen outgassed during 
depressurization. Subsequent system start up revealed a reduced water flow rate. 

A bench flow test with water indicated no problem with the deionizer as the data 
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shown in Fig. 39. Checks on other components of the process water circuit also 
revealed no problem. Further evaluation of the deionizer showed that a gas bound 
deionizer bed can initially block water flow (top to bottom at Ig) up to 12. 5kN/m2 
(50" H 2 O) but that gradual water seapage and recirculation will remove the entrained 
gas. This condition was never experienced again during repeated WES depressurizations 
with the phase separator /pump operating and circulating the process water to remove 
entrained hydrogen evolved at low pressure. 
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3. 3. 8 02/^2 Sensor 


Although a General Monitors Corp. combustible gas detector 
(Item 22, Table I) was used in the WES to sense external hydrogen leakage to ambient, 
there remained a need for a sensor for detecting potential mixtures of O 2 and H 2 
existing in internal lines resulting from possible internal electrolysis module leakage. 
Operation at high system pressure compounded the problem. 

A catalytic sensor was devised by attaching a platinum electrode 
(as used in SPE fuel and electrolysis cells) to a stainless steel sheathed platinum 
resistance temperature probe which could be exposed to an O 2 /H 2 mixture in a high- 
pressure fluid line. A successfully tested configuration consisted of a pressed 
electrode made with platinum bMck and expanded tantalum screen which was wrapped 
around and tack welded to a . 64 cm (1/4 inch)dia,. sheath x 14 cm (5-1/2 inch) long 
resistance temperature detector P/N GP70-A1-P200-B manufactured by RDF Co. , 
Hudson, N. H. This catalytic sensor probe was inserted in the horizontal leg of a 
3/8 inch Swagelok Tee and fastened and sealed with a 3/8 to l/4 reducer. 

The O 2 /H 2 mixer sensor was bench tested with various mixtures of 
oxygen and hydrogen injected in the vertical leg of the Tee. The flow of gas mixture 
impinged on the sensing probe, which was heated by combination of O 2 and H 2 on the 
platinum black surface and ejected out one horizontal leg of the Tee. Measured 
sensor temperatures versus the percentage of O 2 in H 2 or H 2 in O 2 are plotted in 
Fig. 40. Two sensors were installed in the system. The O 2 in H 9 mixture sensor 
(Item 32-1) was instaEed in the hydrogen upstream of the hydrogen backpressure 
regulator to prevent exposure to air during shutdown. The H 2 in O 2 mixture sensor 
(Item 32-2) was installed in the oxygen output line between the oxygen back pressure 
regulator and O 2 flowmeter. Automatic emergency shutdown was set for 333K (140“F) 
for the O 2 in H 2 sensor and 359K (ISV’F) for tlie H 2 in O 2 sensor. The latter setting 
was higher because oxygen leaving the insulated oxygen regulator can reach about 
327K (13TF) 

Inspection of these sensors after about 1000 hours operation 
showed that the platinum black had spalled off particularly the O 2 in H 2 sensor. 

This erosion was caused by water impringement at rather high velocity when present 
in the discharge lines. Recommended modifications would be to improve the 
adhesion of the catalyst with more binder and a smaller screen grid. Also, erosion 
would be reduced with a baffle or Shield in the impact zone and probe installation in 
a 1/2 inch Tee size to reduce local gas velocities. 
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3. 4 System Development and Test Results 

3. 4. 1 System Design Analysis 

Advance system development under Phase n of the subject contract 
included the design, fabrication and procurement, assembly and test of a six-man 
rated pre-prototype WES. Various proposed systems were studied which would 
include an advanced electrolysis module capable of six-man oxygen generation rate 
and a dynamic phase separator. With the concurrence of Mr. R. B. Mar^:in, NASA/JSC, 
Contract Technical Monitor, the system selected included an advanced electrolysis 
module, a dynamic phase separator/ pump and other ancillary components to provide 
pure oxygen and hydrogen generation at high pressure (nominal 2860kN/m^, 415 psia) 
and (nominal 355K, 180° F) module average temperature. This system would include, 
where possible for cost effectiveness, former NAS 1-9750 contract components with 
necessary modifications and off-the-shelf commercial components meeting functional 
requirements. The existing 13-cell electrolysis module would be modified for 
operation at high pressure, high temperature and accompanying high current density 
to increase capacity from a four-man to a six-man rating. This pre-prototype water 
electrolysis system would be packaged and contain suitable controls and display for 
safe, unattended operation. 

Tests on the four-man breadboard WES were conducted to provide 
data for predicting pressure drop in the water and two-phase circuit at high pressure 
conditions. Figure 41 shows measurements of pressure drop versus electrolysis 
module current for process water flow rates of 4. 53, 6. 79 and 9. 16kg/hr. (10, 15 and 
20 llyhr.). ■ Differential pressure was measured across a series of components in 
combination; (1) deionizer, water temperature regulator and electrolysis module in 
one group; and (2) check valve, regenerative heat exchanger and primary heat exchanger 
in another group. Pressure drop of Group (1) was essentially independent of hydrogen 
generation rate or module current exhibited by flow through screens in the cells. 
Pressure drep in Group (2) was dependent upon both water and hydrogen flow caused by 
two-phase slug flow in tlae tubing of the heat exchangers. Nominal Une pressure was 
310kN/m2 (45 psia).' 

From the test data, hydrogen and water volumetric flow rates 
were calculated to generate Figure 42, which shows pressure drop in the two-phase 
region (Group (2) components in series) as a function of hydrogen/water volume ratio. 
The significance of this volume ratio is illustrated by Figure 43 at design water flow 
rate, mean fluid temperature at various system operating pressures. As indicated 
by the dashed line, at constant water flow the hydrogen volumetric rate at 23 amps, 
690kN/m^ (100 psia), is equivalent to 75 amps at 691 kN/m 2 (350 psia). A map of 
predicted system pressure-flow characteristics are given in Figure 44 with estimated 
performance of the phase separator /pump. 

Analysis of the water electrolysis module was made to predict per- 
formance at 2760kN/m^ (400 psia) oxygen pressure, 24l3kN/m2 (3.50 psia) hydrogen 
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pressure, and a mean cell temperature of 355k (I8OOF). At high pressure, and tem- 
perature parasitic losses are increased. This is partieularl3/’ due to diffusion of gases 
across the solid polymer electrolyte (SPE) membrane, A parasitic current of about 
5 amps was expected at the cited conditions, requiring process water flow of about 20 
Ib/hr. to limit the cell temperature gradient to 22k (40°F). A higher process water 
flow could reduce module temperature ^adients, but increase system pressure drop 
and pump requirements. 

A volume study of the proposed system was also performed to pre- 
dict water content retention on the two-phase side especially during oxygen generation 
rate changes of cyclic operation, startup and shutdown. Since the volume ratio of 
water to ,gas varies as a function of O2 generation rate (process water rate is essen- 
tially constant) , it becomes necessary to provide a water accumulator of adequate 
storage capacity within the process water loop of the system,, 

Definition of the advanced system config^iration resulted in the re- 
quirement of those major components listed in Table IV on Page 37 installed as shown 
in the functional schematic in Figure 16 which was deccribed earlier. Some small 
but no basic revisions were made in the course of development. A safety study and a 
failure mode and effect analysis (FMEA) were performed to establish single point 
failures. A fault detection and isolation analysis (FDIA) was also made to establish 
fault sensors and monitoring equipment requirements of the VrES installation. The 
FMEA is included in Table IX accompanied by the guideline criteria used in conducting 
the analysis. A summary of the fault conditions, derived from, the FDIA, which re- 
sult in an automatic safe emergency shutdown (ESD) of the system is provided in 
Table X. The limit values and hold periods shown are those set for high pressure 
operation at the WES design point. Most of the limit values and hold periods were 
established in advance from design criteria which defined emergency controller logic 
and shutdown requirements. Potentiometer adjustments for setting all pressure limits 
provide for system operation and automatic ESD at any selected pressure level and 
allowed for component and system variations experienced during development. 
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Table IX 

Failm^e Mode and Effects Analysis 
Guideline Criteria 

For the purpose of the Failure Mode and Effect Analysis, the term 
"failure" is defined as a structural break, a change in dimension or 
a change in functional characteristics to the extent that the part or 
component no longer performs within specification limits. 

In the interest of cost effectiveness, monitoring and re'.eording is 
performed manually by an operator. 

In the interest of cost effectiveness, isolation is indicated by lights. 
When two or more lights are indicating, further investigation will be 
necessary to isolate the failure and cause. 

.In the interest of cost effectiveness, redundancy of instrumentation 
to provide a voting validation of a fault at the same location is not 
included in this pre-prototype WES. 

Only the major components of the WES (Table IV, Figure 16) will be 
considered in the FMEA. 

Although the NASA/JSC WES components are considered "non-flyable" 
breadboai’d hardware, the FMEA will be evaluated for severity of 
consequences, with failures categorized in accordance with space 
station classes as: 

Description 

A single failure which could cause loss of personnel, 

A single failure whereby the next associated failure could 
loss of personnel. 

A single failure that could cause return of one or more 
personnel to earth, or loss of subsystem function(s) 
essential to continuation of space operations and scientific 
investigation. 

A single failure which could not result in loss of primary 
or secondary mission objectives or adversely affect 
crew safety. 
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Effect of Failure 


Fault PetecUon 


Fault laoIuUco 


WES will auloittutically sluitUowii by 
osyijoa sttnsiny: Ju 11^ ouUcl or by 
seosiiiy in O 2 


Tcmperaturo rise of Uetl "O 2 in II 2 " or "II 2 

caliilyttc O 2 /H 2 loixluru in O 2 *' or "Mod Temp 

sensor. Temperature High" light on. 

rise of lio/lil>0 fluid at 

module outlet <Uems 

32-1. 32-2, 21). 


Pressure decay of (rapped N 2 in luod- 
ulu duiue, dilute outiKil gases with Ng. 
WES will ESI) (i.e. , autoinattc 
eiiiergeney shuidf».vri). 


Dome pressure on Press lied "N 2 Dome Low" 
Trans (Item 17-4) drops light on. 
below low limit. 


Pressure de<*uy of •roiipud in mud- 
uic dome. N 2 to cabin. WES will 
ESD. 


Same as (b). 


Same as (b). 


Gross leak will drop O 2 pressure be- Iff 
low O 2 regulated pressure. WES will 
ESD. Small leak lias iio effect. 

it) Gross leak will dro|i JJg/ll^O pres- 111 
sure belOA' M 2 regulated pressure. 

WES will ESD. II 2 uiid/or II 2 O will 
vent to eabiti. WES will ESD. 


O 2 pressure on Press 
Trans (Hem 17-2) fulls 
below low limit. 


I lied "O 2 Low" light 00 . 


a) 'rwo-phuso pressure Red "2(1 Low" light on. 
on Press 'lYans (Hem 
17-3) falls below low 
limit. 


b) M 2 small leak to cabin. WES will 
ESD. 


b) Combustible Gas De- b) Red light on CGD, 
lector (Ucin 22) exceeds Item 22. 
high limit. 


c) MgO small leak to Cabin. Nu ESD. ‘| 


c) Visual hispecGou by I c) Location of fl20 dre^ 
crew. I formation. 


Module terminal voltage wilt increase 111 
until WES will ESD. 


Output voltage sensing 
on Power Conditioner 
(itenk li) exceeds high 
limit. 


lied "Mod Volt High" 
Ughl on. 


Water starvation of one or more Cells. 
WES w*ill ESI) on inotikilc high voltage. 


Same as (f). 


I Same as (I). 


a) Uuublo to pressurize Mg side with ill 
Ng daring system pressurization prior 
to start-up 


a) Pressure Trans. 
(Items 17 - 1 . 17-3) show 
no increase on display 
nielers when P{(^ > ^ll 2 * 
Visual readout. 


a) liemove both check 
valves and separately 
bench test. 


b) ii^ pressure fails below base 
pressure during normal, cyclic (WES 
will ESD) or emergency siuttdown. 


b) Items 17-1 and 17-3 b) Red "20 Low" light 
fall below low limit set- on, |>erform (a), 
ting for cyclic 0|>cration. 


No effect with redundant units. 


Ueinove both check 
valves and separately 
bench tost. 


Sheiil ^ erf 
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Table IX 

WES FAILURE MOPE ANI> EFFECT ANALYSE 
6-NUN ADVANCED BnEADflOAnO WATElt El ECTltOLYSB SYSTEM (WES) 
Refer Drawliu; 7aA490-86B Hey, A 


GENERAL 


ELECTRIC 


Uem 

No. 



Com(>oiitiai 

TUle 

Component 

i'uiictioiv 

Failure Mode 

^ 

llypoUietlcal 
Failure MecluuUsin 

• 

Effect of E'ailurc 

Failure 

Class 

Fault Detection 

Fault Isolation 

Comments 

2-1 

2-2 

Conlinueel 


T\vo valves stuck open. 

Same us (a), boUi vah'es. 

1*2 admi::>sion into supply line, gra- 

dual mixture admission to Oo side uUor 
imrmal, cyclic or emergency shutdown, 
WHS Will ESU on restart. 

III 

■rempera'tiure riSC of 
cnialyiic O^/H^ mixture 
sensor (item 32-2). 

Itcd "II 2 in Pi^" light on. 





Exlcrn.il leakage 

Seal imUcrial set oi' 
louse CDimeciion. 

a) N'2 side, eventual e.vhuustiun of N2 
supply to cabin. WES will ESO. 

III 

a) N2 (iressv're on Rress 
I rans (Ileii: I?-5) falls 
•‘Slow iow llinli. 

Hod '*N2 Base I.*ow*' 
Uglii on. 







b) II 2 Side, II 2 lealuige to cabin. WES 
will ESD. 


b) Comb. Detector 

exceeds hlga iiiiUf. 

Ued light ou CGD, 
Uem 22. 


2-3 ; 
2-4 ’ 

Heduiui ant Input 

Cheek Valves to 
Side 

To prevent 0*2 feed back 
to N 2 supply line. 

Valve(s) stuck closed. 

Contamination. 

a) iinablo to pressurize Bide with 

K2 during system pressurization prior 
to start-up. 

111 

a) Press Trutts (item 
17-2) shows no Increase 
on display meter wiieu 
PNjj > *’02- Visual 
readout. 

a) Hemove both check 
valvea and separately 
bench test. 



■ 




b) O 2 pressure falls below N 2 base 
pressure during iiormul, cyclic (WES 
will ESD) or emergency shutdown. 


b) Hem l?-2 falls below 
liiiiU setting for cyclic 
operation. 

b) Hed *^02 Eow** light 
on. Perform (a). 


• 

, 

■ 


One valve stuck oi>cn. 

a) Ccutamiuatiou and/ 
or spriug rujiUire 

No uffccl Willi reduudaut imlis. 

Ilf 

None 

Remove both check 
valves and sc|>araiely 
bench test. 





IWo valves siuekopcn. 

Same as (a), both vulyes. 

Oo uduiissiui into supply line. MiX' 

lure admission inlo 112 / 112 ^^ after 

noriitul. cyclic or emergency shutdown. 
WES will ESD uii resUrt. 

III 

Teni|>erature rise of 
catalytic 0>/ll2 mixture 
sensor (Hens 32-1). 

Ited "O^ in H 2 " light 

tm. 





External leakage. 

Seal material set or 
loose coimection. 

a) N 2 side, eycnimd exhiuislioii of N 2 
supply to cabin. WES will ESD. 


a) N2 pressure oa Press 
Trans (Item 17-5) falls 
below low limit. 

a) Ked "N 2 Huee Dow" 
light 00 . 







b) O 2 side. O 2 leakage to cabin. No 
effect uidess gt oss leakage (sec Uem 1 . 
Failure Mode d). 


b) None. 

b) None. 


ld-5 

Makeup Water Cheek 
Value 

To prevent druin back of 
high pressure prucess 
water (and II 2 ) to low 
pressure makeup water 
supply. 

Valve stuck closed. 
Valve stuck open. 

Oonimninatiuii. 

Contaminatiaii nmJ/ur 
spring rupture. 

Unable to resupply process water loup 
with makeup water. WES will ESD. 

a) No eifect if outlet check valve on 
makeup |Hiinp (llcnt 4) checks properly. 

m 

Hi 

Water Accumulator (Uem 
lU) "Empty*' posiUoit 
switch remains aehiatcd 
beyond 20 see. limit. 

a) None. 

Red "Accum Empty" 
light on. 

a) Hemovu and bench 
test. 

Viakeup Pump Ass*y. 
(Pern 4) has outlet 
check valve, so Item 
2-5 is rctliindmit. 






b) If Outlet check valve on makeup 
pump fails ujMtn, WES will ESD. 


b) II 2 /II 2 O pruasui'u UQ 
Press 'I'rans (Hum 17-3) 
falls billow low limit. 

b) Red "20 Low" light 
on, 





External leakage. 

Seal material set or 
loose uoiaiectiou. 

a) Cross leak on Idgli prcsstire sttle 
will dro|i ll^/II^O pressure to cause 
ESD. 

ni 

a) llo/lloO prcssiirt: ou 
Press Traus (Item 17-3) 
falls bciow low limit. 

a) Rod "20 Lt>w" light 
on. 







I>) 11 >0 small leak to cabin. No ESD. 

' 

b) Visual iUB)icction by 

crew, 

' 

. 

b) Location of H 2 O 
dtop formatiOa. 
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WfcS FAILURE MC 
6 -MAN ADVANCED BREADBOA 
Refer Drawii^ 7 



Component 

Title 


Water Accuinulutor 
Check Valve 


Component 

Function 


Allows quick iitl of water 
acx’Uiiiulator from 20 
loop during sturt-up or 
load chuni^e transients. 
Prevents reverse surge 
during this transient and 
when :nakeup water pump 
{Rem 4) ^s Ofieraling. 


Valve stuck closed. 


Valve stuck u|>en.: 


llypotlietical 
Failure Mechanism 


CuiUumiimtum. 


Coiilumiiuttio:i und/<jr 
spring rupture. 


A ^ 
ci ^ 

I,® 


External leakage. 


Makeup Venter Filter To remove particulate High filter Ap or no 
material from water water flow. 

supoUcU to makeup (Himp 

<Itc^> A. ■ 

■ r ■ 

I External leakage. 


Seal material set or 
loose coruieotion. 


Poi'tiai or complete 
clogging by contamina- 
tion. Loss of makeup 
water supply pressure. 

Seal material set or 
loose Connection. 


Makeup Water Pump To suJply inhkeup water No water delivery to 
to hlg^ pressure process water accumuiator. 
waterlloop. 


Failure of motor » drive 
mechanism, plunger 
seal leak, or stuck in- 
let or outlet check valvm 


External leakage. 


Coolant Water Filter To remove pitrliculale j Low or no w:Ucr Sow. 
material lirortb cooling j 
wateir supp!h;d to WCS. | 


External leakage. 


Electronic Controller Provides manual switches Loss of power ii»|)ut to 
for Phase Separator/ andleleetronie control pump motor. 

Pump (llcin 81 forjewergi^sing separator/ 

puihp motor and solenoid 

valve. Loss of pmverjo-em^ 

I „, 45 iatr 1 CCrsolcnoid valve 

I ^ c^>eii. 


Seal material set or 
loose eonnertion. 

Partial or complete 
clogging by eontuminu- 
lion. 

Seal muterial set or 
loose connection. 

C^>en circuit from poor 
solder coaiieciions, or 
component failuiics-"'''' 

0 |>cu circuit from poor 
solder connections, or 
component failure. 


Deionizer Resin Bed 


Tm remove ionSe impart^ High conductivity etflueni 
ties from process water, water from dcioni:£er. 


Resin inoiiobed channel- 
ing, high coiiduuUvity 
makeup fl^O, ionic con- 
tamination of process 
water by WES eoinpon- 
eius. 


Table IX 



GENERAL 



ELECTRIC 


Effect of Failure 

Failure 

Class 

Fault DetecUoo 

Fault Iscdation 

Comments 

Hm/II^O pressure will su<lclcnly 
ereuse iluring start-up or iticrease in 
load. WESwiUESD. 

III 

H 2 /II 2 O pressure on 
P. T. (Item 17-3) will 
exceed high Umit. 

Red "2^ High" light on. 

\ 

Reverse surge of waiter from aeciimu- 
Jator to 20 loop could cause AP cyc- 
ling in ixxip ami spitting of separator/ 
pump to h 2 outlet. Prol>uble ESD. 

m 

1 ^ 2 /*^^^ pressure on 
IK T. (Item 17-3) will 
exceed high limit during 
pressure surge. 

Red *'20 High" light on. 

Prossure measure- 
ments and transient 
betmviur of 20 loop 
to be iovostigaled 
wifh Item 2-6 re- 
moved during WES 
deveiopmetk tests. 

a) Gross leak Will drop 112/112^) pres- 
sure to cause BSD. 

U( 

u) II 2 /II 2 O pressure on 
P. T. (Item 17-3) faUs 
below low Itmti. 

a) Red **Z0 Low" light 
on. 


b) IloO small leak to cabin. No ESU. 


b) Visual inspection by 
crew. 

b) Location of II 2 O 
drop formation. 


Mukeu]) pump suction pressure is low 
when o|)eruting. WES will ESD. 

Ui 

Pressure at pressure 
switch (Hem 19) faUs to 
actuation point. 

Red "Makeup III20 Low" 
light on. 


IloO le:ikage to cabin No ESD. 

ni 

Visual inspection by 
crew. 

Isocation of H 2 O drop 
lormutloo. 


u) Unable to supply proceSi: w'ulcr 
loop witli makeup water, WES wilt 
ESD. 

Rl 

Water accumulator (Item 
16) '^Eri'ipty * posiUun 
switch reroaios actuated 
beyond 20 sec. Iltmit. 

Red "Accum Eiiqity" 
light on. 


icakugu la cabin. No ESD unlens 
leak ckceciis output as in (a). 

UI 

Visual inspeuUOQ by 
crew. 

LocaUoQ ont20 drop 
furmalioti. 

i 

WES will ESD at coolant flow under 
0. 2 gpiu. 

UI 

Coolant flow under 0. 2 
gpm will actuate Row 
switch, (Uciu 25). 

Red "Cool Flow Low" 
light on. 


II^O leakage to cabin. No. ESD. 

UI 

Visual ui5|M^cUoh by 
-^‘ew. 

LocaUon of II 2 O drop 
formation. 


Loss of sepraamic/piiinfrAP and pco- 
c^.s.-waiey'flow* WES will ESC. 

III 

AU press, trails. (Item 
Ib-l) will full below low 
limit suuing. 

Red "SCp, Ap Low" 
light on. 


Two-phusc loop i»ressure wilt increase 
until solenoid valve relieves and/or 
relief valve (Item U6-3) opens. WEB 
will ESI). 

UI 

20 pressure will exceed 
high limit sotUug of P. T. 
(Item 17-3). 

Red **20 High" ll^t on. 


WES will ESI) by high eoniluctivily ll^O. 
Ion excluuigivof impurities witli hydro- 
gen proton in SPE of module cell will 
cause some permanent degradation of 
eleeti'olybis mixlulu {Iteui l)perlor- 
niancc. 

Ui 

Process water conduc- 
tivity will exceed high 
Umit setting of eoikiuc- 
tivity sensor (Uem 24). 

Red "Coiul. High" 
light on. 
















Sheet 4 of 11 
Dale; S-20-74 


Table IX 

WES FAIUIIIE MODE AND EFFECT ANALYSE 
0-MAN ADVANCED BREADUOAHD WATEH ELECTItOLYSIS SYSTEM (WES> 


Refer Drawtiu; 73A400-868 Rev. A 


GENERAL 


Component 

Function 


Low process water (low 
rale. 


HypoUieticiil 
Failure Mechanism 


Resin boil tuns bocume 
partially clogged with 
particulate coiUumina- 
tioii. 


Effect of Failure 


Reduced process water flow rate wiU 
increase electrolysis module 
outlet iompcraUiro. WES will ES|3. 


Module outlet tcmpcruUiril Red "Mod Temp High" 
sensor will exceed high I liglit on. 

limit. I 


No process water flow. 


Resin bed has i>ecome I Water starvatiui of one or niore clcu- 
conipleteiy clogged With I trolysis moilule cells Increases modulo 
particulate cmauminu- | icrminul voUuge. •VESwill ESD. 
tier.. I 


Output voltage sensing on | Red "Mod V<>i( l&igb" 
po*.vcr coiiuitiouec (Item I light on. 

11) exceeds high limit. I 


External leakage. 


Seal iiiuteriiU set or 
loose coiuieciion. 


11^0 leak to cabin. 


Visual inspection by 


Location of H 2 O drop 
formation. 


Two-Piiase Dynamic 
Separator/lhjmt) 


To separate i)roeess 
water and H 2 from 20 
mixture and provide AP 
for process water 
circuiutiou. 


Loss of puinpiog AP utul 
water circulation. 


Motor failure, decou- 
pling of magnet drive, 
excessive longue due to 
bearing or component 
failure, lack of uJe({UUte 
it^O in 20 mixture. 


Inadequate or loss of process water 
flow would overheat and/or starve 
electrolysis motlule (Item i). WES 
will ESI). 


Ai? on press. Irans. Red "Sep AP Low" light 

(Item 1 8-1) will full below on. 
low limit. 


Normally closed solenoid Ofmii circuit due lo poor 20 mixture will increase in pressure 

fails to open. solder Joint or broken ut module gas geiieraUcn rate until 

wire, jammed plunger, vented by relief valve (Item 28-3). 
coiUaminution. WES will ESf>. 


20 pressure 00 P. T. 
(llciii 17-3) will exceed 
high limit. 


lied "20 High" light on. 


N. C, solenoid stuck often 
or leaks internally. 


External leakage. 


Spring iVuelure, seal 
material set. jammed 
plunger, eonbimiuuUou. 


Seal material set or 
loose coniieclioii. 


Water discharge to downstream 
hydrogen. 


a) ll2 leakage lo cubin detected by 
comb, gas doieclor. WES will ESD. 


Visual inspeettoo of il 2 
flowmeter by crew. 


Condi, gas detector 
(Hem 22) exceeds high 
limit. 


U 2 O droplets in glass 
II 2 flowmeter, down- 
stream SI 2 O discharge 
in H 2 stream. 

Red light on CGD, Hem 

22 . 


u) 11^0 leakage to cabin. 


Visual inspirctionliy crew 


Location of li^Q drop 
formation. 


Cooliog Water Flow- 
inctcr 


To provide visual display Nigh float reading. Contamination of gas in None, 

of coolant flow, flowmeter. 


Visual insfieciion by crew 


If no ESD on 25 at low 
flow, chock 29 calibra- 
tiCML 


Low flout reading. 
External leakage. 


Seal material set, loose II^O leakage lo cabin. No ESD. 

connection, glass 

frucuire. 


Same as above. 


Same as ;d>ove. 


Location of iizO drop 
formation. 


Temficnituru 
Rcipilatiiig Valve 


To control Uie inlet water I High outlet II 2 O tempera- 1 Wax actuating valve bind'l Electrolysis mmkile inlet and outlet 


temperature to the elec- 
trolysis mcKlule (Item i). 


ttirc. ing due to contamination 

or corrosion limiting 
cold-water in flow or 
poOr beat transfer to 
wax actuator due (o ex- 
cessive gas in II 2 O. 

Low outlet II 2 O teinpCrn- Wax actuating valve 
lure. bimling ilue to contami- 

nation or corrosion 
limiting hot-water in 
flow. 


temperatures increase improving 
niOiiuie perrormaiiee. WES will ESD. 


Electrolysis mcxiulo inlet and outlet 
temperatures decrease reducing per- 
formance. Terminal voltage may ex- 
ceed high limit nt tiigh loitds resulUng 
in ESD of WES. 


TemperaUire of 20 mix- Red "Mod Temp High" 
euro at tnoilule cuUel Ugtit cjn. 

rises above high limit. 


Output voltage sensuig on 
fiowCr conilitioncr (Item 
U) will exceed high 
limit. 


Red "Mod Volt High" 
light on. 
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Item 

No. 

Component 

Title 

Component 

Function 

E'ailure Mode 

Hypothetical 
Failure Meclianism 

Effect of Failure 

E'aUure 

Class 

Fault Detection 

Fault Isolation 

Comments 

10 

Continued 


Extei'nal leakage. 

bcal material sei or 
loose conncLllbn. 

11^0 leak lu cabin. 

111 

Visual mspeetton by 
crew. 

L(Mra<ion of H 2 O drop 
formatlun. 



power C'oudUloncr/ 
Cold IMule Asseinlily 

. ■ 

To provide manually pre- 
set regulated current to 
electrolysis module be- 
low a niu^timum voltage 

2cro or low current out- 
put to module below 
setting. 

Loss of umpUlier gain, 
broken wire, overheated 
or :sho>'led elcciroinc 
eluiUcnls, poor solder 
joints. 

Possible burned out electronic ele- 
ments or in<nlalior. m P. C. Zero or 
reduced WES gas uul|>ut. 

111 

ViaUdi inspectlcxi of 
module current meter 
and O 2 and II 2 gas flow- 
meters by crew. 

Low meter readings. 





High current output lo 
module, above manual 
setting. 

Sante Uo above. 

Possible burned out electronic ele- 
ments. Excessive current drawn by 
P.C. may aetivaie circuit breaker 
(Item 33) or increase module voltage 
I'osulllng in ESI) of WKS. 

111 

u) input P.C. current may 
exceed circuit breaker 
limit. 

h) Out|Mil voltage may 
exceed high limit. 

a) Ued "Current High” 
light on. 

b) Hcd "Hod Volt High" 
light cn. 

■ 




Overheating. 

Contuiniaailon in coolant 
lubes of cold plate. 

Zero or reduced coolant flow. WES 
will ESI). 

lii 

Coolant flow will fall be- 
low acluaiion point of 
flow switch. 

Red “Cool Flow Low" 
light on. 





External coolant leakage 
from cold plate. 

Corroded tubing, loose 
cunnectlotk. 

II 2 O Civ>iant leak to cabin. 

111 

Visual inspection by 
crew. 

Ixication of II 2 O drop 
formation. 


12 

Regenerative Heat 
Exchanger 

Recovery of waste heat 
I'roiii electrolysis to pre- 
heat process water to 
module for elevated 
temperature o(>cration. 

liKtdcquaie heat transfer 
from hot side to cold 
side. 

Partial or complete 
clogging o( tubes w ith 
contaminatioii. 

a) JModule operaUng temperature will 
reduce which may cause excessive 
terminal voltage ul high Itjads. WES 
Will ESD. 

b) WES will ESD U low process water 
How causes water riUirvatioii of one or 
more culls, increusiiig (ermliiul 
voltage. 

HI 

■ 

Output voltage sensing 
on (H»wer conditioner 
(Hem 11) would exceed 
high limit. 

ited "Mod Volt High" 
light tw. 





External leakage. 

Seal material set or 
loose connection. 

II 2 leakage lo cabin detected by CCD. 

1:1 

Combust, gas cleleclor 
(Item 32) exceeds high 
limit. 

Red light on CGD is tm. 







llvO leakage lo cabin. 


Visual inspectitm by 
crew. 

Location of 1120 drop 
formation. 


IJ 

Primary Heat 
EKchanger 

To transfer WEIS waste 
heat (elec, module .*md 
power coiul. 1 to coolant 
water. 

InadeQuatc heat transl£r 
from hot (process waterl 
to cold (coohmt water) 
side. 

Partial or coini>lete 
clogging of tubes with 
contamination. 

n) Rediiec<l process wAter flow or sur- 
face fouling will cause module temp, 
to incrensu. 

b) blocked process water flow same 
as Item 13 b. 

111 

a) Module outlet temp, 
sciisur will exceed high 
limit. 

b) Out|nit voltage on 
power cond. would ex- 
ceed high limit. 

Red "Mod Temp lllgit" 
light on. 

Red ":dod Volt High" 
light on. 







c) Reduced or blocked CiK))uiU flow.. 
All will cause ESD of WES. 


e) Coolant flow will fall 
below* actuation point of 
How switch. 

Red "Cool Flow Uw" 
light on. 


14 

.Absoliiiu Uo Batk 
I'ressuru Hegulalor 

Regulates pressure level 
on Oj> side of electrolysis 
module. 

Valve elements stuck 
closed. 

a) Containinaiiun biiidlng 
movable jiurts in closed 
position. 

O 2 siilb (H’cSBUi'c imiiL‘as<-& until vciit- 
ud ljy 02 relief vulvu (Ucm 2fi-2J. WEh 
will USO. 

m 

O 2 prcasuri! 00 P. T. 
(llcin 17-2^ exceeds high 
limU. 

Red "O 2 High" ligld on. 





Valvc elements stuck 
mten. 

• 

b) hairing fracture, soli 
seat rupture, conluini- 
iialiun binding movable 
parts In uji c^ten position 

0.^ Side pressure falls (0 base (iros- 

surc wltere is admiued. WES will 

ESD. 

ai 

O 2 pressure on P. T. 
(Uem 17-2) falls below- 
low limit. 

Red "O 2 Low" light on. 



GENERAL ^ ELECTRIC 
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Table DC 

WES FAILUKE MOPE AND EFFECT ANA LYSIS 
6-MAN advanced BnEADBOARU WATEK ELECTHOLYSIS SYSTEM <WES) 
Refer Drawing 73A4ao-868 Rev. A 


GENERAL 


ELECTRIC 


Coti-i|>ORt:nt 

TUle 


Component 

Function 


ilypoihetlcal 
Failure Meciuuusni 


Fffect ct Faiiui'e 


Fault l^tectlon 


14 1 Contitmcd 


External luaku^jc. 


c) Seal maturia* aei or 
rupture. 


();> Icaku^e to cabin. No ESi) iu^lusb 
O;^ pressure lulls u> low* Uimi. 


Nona unless umlible hiss 
heard by crew« 


X^oeation of leakage 
point by bubble check. 


15 Absolute 112 Back 
• Pressure Kcgitlator 


liegulatos pressure level Valve elcmeiiis Stuck 

at Il2 discharge of phase closed. 

separator/puiup litem 6) 

and ll 2 side of II2O uecu- 

jnulaior (Ueni iC). Valve elemeiUs siucli 


Siime as Uem 14 a. 


Same as Item 14 b. 


(I 2 regulator inlet pressure iitcreascs 
until vented by li2 relief valve (Hum 
WES will ESD. 

II 2 regulator inlet pressure tails to 
base pressure where N 2 is adiuitlud. 
WES will ESD. 


I H 2 pressure on l*.T. 
(Item 17-1> exceeds high 
limit. 

1 U 2 pressure on P. T. 
(Item falls below 
low limit. 


Aed"ll2 High" light cm. 


Ited ’'il 2 Low" light on. 


External Leakage. 


Same us Item 14 c. 


II 2 lealuige tu cabin. WES will ESI>. 


Combust, gas deleeior 
(Item 2Z) exceeds high 
limit. 


Red light on CGD is on. 


1 0 I Water Accumulator 


Provides high pressure 1 Piston stuck, in "Empty" I Cotttaniiiiaticu. corro- 


>-d Q 

II 


reservoir for makeup position, 
water mid absorbs 
changes in II 2 O <iuantit>' 
hi loo{) during startup 
»^.n<l load changes. 

Piston stuck in inter* 
mediate position. 


Sion or seal wear biinling 
piston or Rod. "Empty" 
position switch fails 
closed. 

Oontaminatiun binding as 
above. 


Pistou stuck in "Overfill" Contamination binding us 
position. above. "OverUll" switch 

fails closed. 


Internal leakage. 


External leakage.^ 


Piston seal wear, set, 
scored cylinder Iruxn 
coniamiiuition. 

Seal material set, loose 
connection. 


"Empty" position switch ! E*aligue. lever fracture, 
fails open. | 


"Overfill" position switch Paiigue. 
fails open. 


WES will ESD after 4 minute delay if 111 
"Empty" position signal hehl uonltiui- 
ously. 


Lack of lioO in 2(4 looi> will reduce 
scparator/puinp AP and WES will ESD. 

WES will ESt!> utter 4 minute delay if 
"OverlUl" position signal held coiitiiiu- 
onsly. 

IloO will leak across piston to Ho 
cluinUier and U 2 discharge line. Ex- 
cessive makeup water "consuinpiion". 

II 2 lealuige to cabin. WES will ESD. 


H 2 O leakage to cabin. No ESD. 


Makeup pump will not come on. Lack 
of II 2 O t|umUUy in 20 loop will I'educe 
separatur/pump AP and WES will ESD. 

"OverlUl" accumulator coiulUion cun 
only occur at start-up, load change or 
secondary failure. Excessive 20 
pressure buildup as a result would 
vent 20 relief valve (Item 2G-2). WES 
will ESD. 


"Empty" posHion switch 
aelualed by piston Rod. 
electronic timer. 


lied "Accuin Empty" 
light on. 


AP on P.T. (Item IB-1) Red "Sep AP Low" light 
wiii fall belcw low limit. 00 . 

"Overfill" pusitioo switch Red "Aecum Overfill" 
actuated by pisUiu Rod. light on. 
clectroiuu timer. 

Visual inspection of 11^ I IloO droplets visible in 
flowmeter by crew. | glasa II 2 flowmeter. 


Comljust. gas detector | Red light on CGD is on. 
(Item 22) exceeds high ■ 
limiL 

Visual inspection by crew. Location of H 2 O drcfi 
formation. 

AP on P. % (Item 1 8-1) lied "Sep AP Low" 
will fall lielow low limit. light on. 


20 pressure on P. T. 
(Ibmi 17-3) will exceed 
high limit. 


Red "20 High" light on. 


17-1 Pressure Transducer, 
0-500 pslg. 112 Press. 


To iiioiulor regulator Ho High signal output, 
pressure and provide 
high ami low ESI) signals 

Low signal output. 


Failure of internal 
electronic component. 


Same us above. 


a) False "High" pressure signal can ] 111 

cau sc ESD. I 


b) False " lAJw" pressure signal can 111 

cause ESD. 


"Ro" iiuiter display, red Compare P.T. 

"II 2 High" light 00 . 17-1 readout with P, T.> 

17-3 and 17-5. 

"II 2 " ineter display, red Same us above. 

"II 2 Low" light on. 


Zero signal oulpnt. 


Same as above. 


0 ) WES will ESI). 


Silme us above. 


Same as above. 
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GENERAL 


ELECTRIC 


Item 

Cotnponeitl 

Component 

i'ailure Mode 

Hypothetical 

Effect ct Failure 

Failure 

Fault DetecdoD 

Fault laolailou 

No. 

Title 

Function 

Failure Meciiauisin 


Class 



17-2 

Pressure Transducer, 

To inunitor regulator 0-> 

High signal output. 

Same ns 17<-.l. 

S:ime as 17-1 a). 

111 

"O 2 " liieter display, red 

Compare P.T. 17-2 


0-500 psiit. Oppress. 

pressure and provide 
high and low FSO signals. 





'*02 High*' light lun. 

readout with 17-5. 




1.UW sigiiul output. 

Same as 17-1. 

S;uue us 17-1 b). 

111 

"O 2 '’ meter display, red 
'*02 Low" light ou. 

Same as above. 




Zero signal out|)ut. 

Same as 17-1. 

WEE Will EED. 

U1 

Sume us above. 

Same us al>ove. 

17-3 

Pressure Transducer, 

To monitor II;^/ll20 

High signal output. 

Same as 17-1. 

Sixiiie as 17-1 a). 

111 

iiveler display, red 

Conip.'we P. T. 17-3 


0-500 psig. II 2 /II 2 O 

pressure at module out- 





"2Cf High" llglit 00 . 

readou. with P. T. 's 


Press. 

let uiid provide high and 
tow BSD signals. 






17-1 and 17-5. 




Low signal output. 

Same us 17- 1. 

Same us 17-1 b). 

lU 

'*Z phase** meter display, 
"2QI 1.0W" light OQ. 

Same as above. 




Zero signal oul|iul. 

as 17^1 . 

WEE will ESD. 

HI 

S;ime as above. 

Same as above. 

17-4 

Pressure Transducer, 

To monitor M 2 iiressuro 

High signal output. 

Same as 17-1. 

None. 

m 

"N 2 Dome’* meter display. 

Compare P. T. 17-4 


0-500 psig, Dome 

in module dome and pro- 






readout wiUx 17-5 wicL 


: Press. 

vide low ESD signal. 






27-1, 27-2 aud 28-7 
full (Open at low N2 
pruaaure. 




Low signal out,>ut. 

Same as 17-1. 

Suinu us 17-1 b). 

III 

**N 2 Dome" meter display, 
red "N 2 Dome Low" light 
on. 

Same as above. 




Zero signai output. 

Same as 17-1. 

WES wiU ESD. 

111 

Sume as above. 

Same as above. > 

17-5 

Pressure Transducer, 

To nionilor N 2 base 

High signal output. 

Same us 17-1. 

None. 

HI 

"Ng Duse'^ meter display. 

Compare PI T. 17-5 


0-500 psig, N 2 Base 

pressure and provide 






readout with 17-1 and 


Press. 

low £SD sl^f!;nal. 






17-3. 




Low signai output^ 

Same as 17-1. 

Same us 17-1 b). 

‘n 

"N2 Base" meter display, 
red "N 2 Base Low" light 
uu. 

Same as aimve. 




Zero signal output. 

Sameasl7-i. 

WES will ESD. 

HI 

Some ais above. 

Same as above. 

lB-1 

Differential Pressure 

I’o monitor separator/ 

High signal output. 

Failure of internal 

None. 

la 

"Separator" meter ilia- 

Check P.T. 18-1 read- 


Transducer, ^ 15 psid 

pump aP and provide a 


Blcctronic coinpouciit. 



play. 

out when separator 8 Is 


Separator/Putnp AP 

low ESD signal. 






switched OQ and off. 
Compare P.T. lB-1 . 
with P. T. 20. 




Low signal putput. 

-jj above. 

False '*Low'^ signal euii cause LSI). 

lU 

Same as above. 

Same as above. 




Zero signal output. 

Same as above. 

WES will ESD. 

HI 

Sume as above. 

Same us above. 

18-2 

Differential Pressure 

To monitor process 

High signal uulput. 

Same us 18-1. 

None. 

lU 

**Oriflce" meter display. 

Check P- T. 18-2 read- 


Transducer, jfc IS psid, 

water flow rate. 






out when separator (B) 


II 2 O Flow OrUicu AP 







is switched on and off. 




Low signal output. 

Same as IB-l. 

None. 

ill 

&irne as above. 

Same as above. 


lo: 


Zero iiignal uulput. 


&jme as lB-1. 


None.. 


Same as above. 


Same as ^>ove. 
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Component 

tUie 


n« Pressure Switch 
IN. 04 


Component 

Function 


To monitor muUeup 
pump HUctioii pressure 
and provide low iswitch 
closes) £SD si^iiul. 


20 DUferentiai Pressure To monitor water 

Transducer ^ 100 psid uccuniulutor (Ph^o ' 

II 2 O Accumulator AP P|12> 


Combustible Gas 
Detector 


II 2 O outlet temp, and 
provide high £SD signal. 


from WES to cabin and 
provide high ESD signal. 


Dual O 2 and fl2 Tu provide visual dis- 

Flowmeter Assembly play of O 2 and li^ output 


Conductivity Sensor 


To monitor the tonic 
impurity level of pro- 
cess water effluent from 
deionizer (lieni 7) and 
provide high BSD signal. 


. Failure Mode 

Hypothetical 
Failure Meclianism 



Sxvilch fails closed. 

Failure of internal cutu- 
ponent or coulaiuinaLioii. 

Switch fails open. 

Same as above. 

External leak. 

Seal material set or 
rupture, loose coimeo- 
lioii. 

High signal out|mt 

Same us 16-1. 

Low signal output. 

SumeuslB-i. 

Zero signal output. 

Same as 16-1. 

High signal output. 


Low or zero signal output. 

Broken or burned out 
resistance element. 

High signal outiuu. 

Electrical compuneiu 
failure as breakage, 
overheating, shorts, 
poor connections. 

Low or zero dignai output. 

Same as above. 

High Rout reading. 

ConLimiiiaiioii or H 2 O in 
flowmeter. 

Low lloat readiiig. 

Same as above. 

Exicrnal lea);age. 

Seal material set, loose 
coiuiection, glass frac- 
ture. 

High output signal. 

Same as 22. Contumina- 
tion or rupture of sensor 
ceU. 

Zero or low output signal. 

1 Suinc as above. 


None. No ESD wiU result with 

shut-off makeup li^O 
supply line and makeup 
water pump (Item i) oti. 

Visual iiispecUon by crew. Locatiou of U 2 O drop 
furmuliom 


Check P, T\ 20 readout 
when separator <8) is 
off and P. T. 's 17-1, 
17-3 and 17-5 are at 
same pressure. 


Same as above. 


Same as almve 


Coptpare I>. T. 20 read- 
out With 18-i with 
separator <6) on. 

Same as above. 



False "High'* iemperaUire signal can 
cause ESD. 

High module ouHet teiii|ierature will 
not be detecltai. 

False 'Tfigh" ll2 level signal can causc 
ESD. 


Il 2 leakage if present would nut be 
detected. 


Possibie gas leak upstream of 
flowineter. 

Same as above. 


"Mod. Out" meter displayJ Check Item 20 readout 
I at low module current. 


Same as above. 


Chock Item 20 readout 
at high module current. 


Red light cm CGD meter Check oUicr cabin CGD 
display is on. monitors, llccallbratc 

CGD. 


CGD meter display. 


"Malfuncticui" light on 
CGD display. 


Visual inspectioa by crew. Cheek module current 
and WES pressures. 
Tail flewnicter. 


Same as above. 


Same as above. 


Same as above. Check 
for gas leakage. 

Same as above. 


False "Higli" IlgO eomJuctivUy signal 111 Conductivity sensor (2^) Take H.,0 sumple thru 
can cause ESD. meter display. valve 26-6 and check 

conductivity. Check 
module (1) voltage. 


PossUde damage to mmlule <l) cells if 1 
makeup 11^0 has high ionic content or j 
if deiomzer not serviced regularly. i 


Same us above. 


Same as above. 
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hem 

Component 

Component 

Failure Mode 

IlypodmUcal 

No. 

Title 

Funetiori 

Failure Meehanisin 

25 

Coolant !!;)() flow 

To monilor cooling H2O 

Svyitch fails closed. 

Svvitch actuator sUiek by 


avUch(N. 0, ) 

iluvv rate and pros ide 


contamination, failure of 



low fswiich closes) £5D 
signal. 


internal component. 


■ 


Su'iteh fails open. 

Sanie as above. 

26-i 

In-l,iiie Keticf Valve. 

To provide over-prCss. 

a) Valve eleinenis stuck 

n) Contamination binding 


II2 Relief 

relief in Ihu event of a 

closed. 

eleinciits. 



failed-elosed Ho 
regulator (Item 15). 

b) Valve elements stuck 

b) Same as above, iieat 




Open or internal leakage. 

material set or damage. 

26-2 

Ri-Line Relief Valve. 

To provide over-press. 

Same as 26-1 a). 

Suiiie as 26-1 a). 


O2 Relief 

relief in tiie event of a 

failed-elosed O2 
regulalor iUem 14). 

£i:tme as 2G-1 b). 

Same us 26-1 b). 

26-3 

hi- Line flelicf Valve, 

To provide over-press. 

Same us 2G-1 a). 

Same as 26-1 a). 


Two-Phase Relief 

relief in the event of a 
fuiled-closed and stuck 





solenoid valve on phase 
separator/pump (Item 8), 

Same us 26-1 b). 

Same as 26-1 b). 

26-1 

In-Line Itelief Valve, 

To provide check when 

Same as 2G-1 a). 

Same as 26-1 a). 


N2 Input to 20 

(P2d > P1I2) 

AP (Pno > P20> during 
pressurization and shut- 
down. 

Same as 26-1 b>. 

Same as 26-1 b). 

27-1 

Manual N2 Pressure 

Manual setting provides 

a) Uegul. valve elements 

a) Conlaminaiiun, valve 


Regulator . Ng Dome 

N2 come pressure on 

fail open. 

elements stuck open. 


Input. 

module (1). 


spring rupture. 




I>) fleguL valve elements 

b) Contaminulion, valve 




failed closed. 

elements stuck closed. 


IX 


)DE AHD EFEECT ANAI-YSB 

iiO WArEn EI.ECTISOLYSIS SYSTEM (WESI 


3A490-8G8 Rev. A 


GENERAL H ELECTRIC 


Effect uf Failure 


Fault Detection 


Fault laolatiOQ 


False Flow'* signal uill cause 

Ktili. 


l,cm' cuoluui flow <.\nulU not be tlelecied 111 
by Item 25. but ovorlionting of nuKkile 
vv'Oub) cause ESO by Item 21 

Dual failure oi Items iS amt will Ul 
increase pi'cssure. WES w ill ESD. 

None if U;> leakage is less lh:in H2 ILI 

genurUtioii WES will £SU at 

higker leakage a» U2 pressure falls 
to Nv base pressure. 

Dual failure of Items 11 and 2ti-2 will Til 
increase O2 pressure. WES will £SD. 

None if O2 leakage is less Uian <>2 111 

generation rate. WES will ESDat 
higher leakage as O2 pressure falls to 
N2 base pressure. 

Dual failure of Items H and will 
inereuac II2/H20 pressure. WES will 
£$D. 


Ited^'Cool Flow Low” 
light on. Coolant flovv‘- 
iiieier (2-i) display. 

None without secondary 
failure. 


Verily cooiam lloO sup- 
ply pressure iuid cheek 
witii supply ori and off. 

Verify Item 25 failure by 
no ESDwlth stuit-off 
cotdant supply. 


lU pressure on P. T. 17-1 fled *'ll2 High" light on. 
e.'cceeds high limit. Dench test 15 ami 25-1. 

Ii2 pressure on P.T. 17-1 Ued "II2 Low*’ light on. 
fulls below low limfr. Dench test to verify 

failure uf 26-1, 15, or 
28-X. 

U2 pressure on P. T. 1 7-2 fled "O^ High” light uu. 
exceeds high limit. Dcuch test 14 and 26-2. 

0> pressure on P. T. 17-2 fled ''O2 Lew* light on. 
fulls below low limit. Deii^h test to verify 

failure of i-i or 26-2.. 


20 pressure on P. T. 
17-3 exceeds high limit. 


lied *'20 High” light on. 
Check for H2/H2O dump. 


H2/H2O discharge thru dump if leak- 
age less Umn il^ generation rate. 
Excess makeup II2O ''consumption” 
and low ll‘^ output. WES will ESD at 
higher leakage as 20 pressure fulls 
to 112 regulator pressure. 

Unable to pressurize 20 Icki{) w'iiii No 
for start-up. 20 pressure will decay 
below N2 base pressure durbtg WES 
shutde^ta. No eflect during WES 
continuous 0|>eration. 

II2O present in Ho output. High 
leakage can cause ESO. 


o effect during WES operation witii 
alve 28-7 normally elosed. 


flowmeter <23) display. Low II2 How indicates 
20 pressure on P. T. 20 leakage to dump. 

17-3 falls below low limit, fled ”20 Low” light on. 

Dench test 26-3. 


20 pressure on P. T. 17-3 fled ”20 Low” light on. 
below pressure on P. T. Compare 17-3 and 17-1 
17-1 by greater differenci difference during N2 
than 26-9 AP relief pressurization, 

selling. 


II2 flowmeter (23) display. Closure of valve 26-4 
20 pressure on P. T. halts H2O discharge. 

17-3 can full below low ”20 Low” light on. 
limit. 

”N2 Dome" meter display. Pressure on P.T. 17-4 
will increase with 27-1 
backed off and valve 
28-7 open. 


Same as above. 


lU 


Same as above. 


Unable to pressurize 
dome With 28-7 Often. 
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b Q 

Item 

No. 

Component 

Title 

Conipoiient 

FuncUon 

Failure Mode 

liypotlieUcal 
Failure Meeliaiiisin 

Elfecl of Failure 

Failure 

Class 

Fault Detection 

Faull Isulailoo 

Conimenia 














.Mutmal N > freasure 

M.ma.il setting provi&ieA 

:(»• 27- 1 .0i 

zume as 27-1 a). 

ilK»'\ vlow ii ul supply pi*essurc to llj 

m 

*’N> Ua?.e'' iiielci* and C»j 

Pressure on P.T, 17-5 




lUgulaior, N > Ouse 

h.i&e pressure l(» 



rcguluLor pressure bcuiug. High **0/' 


aud 112 flownu-tvr dhpiay. 

will increase With 27-z 


Q Q 


Inimt 

jnU ll:> lines. 



aud ”iiv* flow readings on Item 23. II 0 . 


Possible red '*lii High" 

backed olf. Low 








20 ami pressure will inercu.*>c and 


light on. 

supply pressure. 


^ K 






may cause bigli iJi-essurc ESD. 


' 



A >tJ 




Same us 27-1 b). 

Same us 27-1 b). 

WES Kill ESI) during hornial ur cyclic 

HI 

Pressure on P. T. 17-5 

lied "No Base I.OW” 


C-4 ►p 






shutdown us N^ base pressure decays. 


will fall below low limit. 

light on. Umddc to re- 


fee 









pressurize. 


C G 












.28-1 

Muhual Sliut-Off Valvi: 

To provide means for bv 

a) Internal leak. 

a) Seat inaterial set ur 

\VEb wiu Ehl> il li^ leak exceeds II 2 

U1 

lt;» pressure on P.T. 17-1 

Red ”112 Low” light cm. 



ll 2 ItCKuLilor Bypass 

tiassinu II 2 regulator to 


damage. 

geiieraliot) rate ur during normal or 


falls below low limit. 

Dench test to verify fail- 


<N. C. ) 

vent 112 and ilepressuriZi 



cyclic shutdown. 



ure oC 28-1 , 15. or 





WES. 






26-1. 






b) External leak. 

Oluiid maicriul set or 

Same as above. Il2 leakage to cabin. 

HI 

Eame us above or cum- 

Same as above or red 







damage. E(iOse coimec- 

WES will ESD. 


tm&rtble gas detector ( 22 ) 

light on CCD is on. 







tioii. 



exceeds high II 2 limit. 




29-2 

Miinual Sliut-dU Valve 

To provide means for 

Same as 2B-1 a). 

Same as 28- 1 a). 

WES will ESD if 0;> leak exeeeils O 2 

HI 

O 2 pressure on P. T. 17-.: 

Jlcd ”02 Low” light t>.i. 




0> Retrulalor Bvoass 

hvitassln^ 0:i retmlatoc 



generation rate or during normal or 


falls below low limit. 

Bench test to verify 




(N.C.) 

10 vent O 2 and de- 



cyclic iilmtduwu. 



failure of 28-2, 14 or 





pressurize WES. 






26-2. 






Same as 28- L b). 

Same as 28-1 b). 

Same as :d)Ovc. 

111 

&uae as above. 

Same as above. 




Manual Shut-Off Valve 

I'o provide means for 

Same as 28-L a). 

Same us 28-1 u). 

WES will ESD if II 2 leak exceeds Hi; 

111 

20 pressure on P.T. 17- 

Red ”20 Low” light on. 



BHB 

2(1 ttelief Valve By- 

bypassing 2d relief to 



generation rate. High imtkeup l|.0 


fulls below low limit. 

Bench test iu verify 


o 


pass (N. C- ) 

vent H 2 /II 2 O anil de- 



"consuinpiion". 



failure of 28-3 or 26-3. 


00 



pressurf^c WES. 












Same us 28-1 b). 

Same as 28-1 b). 

II 2 and II 2 O will leak to cabin. WES 

III 

Same as above. CGD 

Same as aliove or red 








will ESD. 


(22) may e.xcccd high 

light on CGD. 










limit. 




HIH 

Manual 9mt-0n 

To provide means of 

External leak. 

Gland inaterial set or 

tlo leakage to cabin. WES will ESD. 

HI 

Sume as 28-1 b). 

Bed light on CGD (22) 




Valve, No liiput U> 

separately pressurizing 


damage , loose connee- 




is on. 




20 Sliut-Off |N. O. ) 

P2 Side (luring main- 


tioii. 









tenance only. 









28-5 

Manual Shut-Off 

To provide means of 

Ssiine as above. 

Same as above. 

II 2 O leakage to cabin. No ESD. 

HI 

Visual inspection by creu 

Location of H 2 U drop 




Valve. il^O Orifice 

adjusting Hi>0 flow on 






formation. 




Shut-Olf (N. O. ) 

metering valve (30-2). 









28-5 

Manual Shul-Off 

To provide moans of 

Same as above. 

Same us above, or seat 

Same as above. 

HI 

Same as abovei 

Same as above. 




Valve. 1120 Sample 

extracting process li^O 


material set or damage. 



' 





Point <N. C. ) 

sample. 




. 





28-T 

Manual Shut-Olf 

To provide means for 

Same as 28-1 a). 

Same as 28-1 a). 

N '2 prc::>sure decay on imklule dome. 

Hi 

r 

Pressure on P. T. 17-1 

Bed "N2 Dome Low" 




Valve, Module Dome 

lucking il 2 in dome. 



WES K ill ESD. 


will fall l>clow low limit. 

light on. 




Shnt-Off (N. C. ) 













Same as 28-1 b). 

Same as 2S-1 b). 

Same as uLovc. N^ leakage to cabin. 

HI 

Same us above. 

Same as above. 



28-8 

Manual Shut-Off 

To provide moans for 

Same as 28-6, 

Same us 2»-6. 

;i:iine as above. 

111 

Same as above 

2 »ame as above. 




Valve, Module Dome 

venting or draining 










Drain Valve (N.C.) 

module dome. 





. 




30-1 

Needle Valve, 

To provide nieans of 

Same us 28-5. 

Same as 28-5. 

Some a±] 28-5. 

111 

Same as 26-5. 

Same as 28-S. 




Accumwiat<»r IJ^O 

restricting HvO flow 










Meterini; <N. O. ) 

from accuiihdator. 

Clogged valve. 

ConUiminatiou. 

No mukeup II^O to proees^ II 2 O loop. 

in 

Separator AP on P. T. 

Red "Sep AP Low” 








WES will ESD. 


1 H-l will fall below low 

light on. 










limit. 


' 













Table DC 


Sheet WES.FA1IJUSE M OPE A ND EFFECT ANALV§B C E N E R A L E LE CT R I C 

Date : 9-ao^74 6- MAN ADVANCED BREADBOARD WATEU ELECTROLYSIS SYSTEM /WES) 

Refer Drawing 73A490-868 Rev. A 


Item 

No. 

Gomponent 

Title 

Component 
ii'uncUcn ' 

Failure Mode 

Ilypotheticul 
Failure Mechanism 

Effect of Failure 

Failure 

CiasB 

Fault Detection 

Fault laotaUm 

(^ooimenu 

30“- 

31 

Needle Valve. Proeesi 
H2O Metering (N. C. ) 

Process Water Flow 

To provide means of 
adjusting H^O flow. 

To nrevido means of 
monitoring proecBs 
water flow rale. 

Same as 2B-1 u). 

Partially clogged orifice 
or screen. 

Same us 28~1 u). 
Cantu ininution. 

None. Motiuie (1) A'P inay be lower. 

Iimdequalo process \vater flow rate will 
increase module (I) oiitlet temperature. 
WES will ESD. 

111 

111 

Orifice meter display for 
A p on P. T. 18-2 may be 
lower. 

Module outlet tein|>era- 
ture sensor will exceed 
high limit. 

Bench check. 

Red "Mod Tenij> High" 
light on. 



r 

. ■ 

Con~i|iietely clogged 
orifice or screen. 

Cotilainlnutioa. 

Loss of process water flow will reduce 
separator/puinp (8) AP. 

HI 

Separator on P.T. 

la-l will full iMilow low 
limit. 

Rod "Sep AP Low" light 
on. 


j2-1 

Catalytic O2/H2 
Mixture Sensor (Oo in 
»12) 

To mouitor presence oi 
O2 In II2 output gas. 

a) High output signal. 

liUcrnul electrical 
failure. 

False 0*2 signal would cause ESD of 
WES. 

111 

"O2 in H2'* meter diapiay. 

ilcd ''02 in Il;>" light on. 
Check output sigoM with 
H2 gas la H^ output lluo. 





b) Zero or low output 
signal. 

Same as above. Slmrted 
resistive element. 

Og iti il2 output possibly caused by 
iiiuduie (1) iiiternul leak would go 
undetected. 

HI 

Same as above. Visual 
inspection by crew. 

Meter readout Is con- 
stant II2 out{)ut temp. . 
unleas 32-1 has fulled. 





c) Externul leakage. 

Seal damage. Loose 
connecUou. 

Il2 leakxigc to cabin. WES will ESD. 

Ui 

Combustible gas detector 
(22) will exceed high 
limit. 

Red light on CGD la on. 


J2-2 

Catalytic O2/II2 
Mixture Sensor (112 in 
02); 

To monitor presence of 
II2 in O2 output gas. 

Same as ;i2-l a). 

Same as 32~L a). 

False ll2 signal would cause £S1> of 
WES. 

111 

"H2 in O2" ineter. display. 

iiod"ll2 In O2" light on. 
Check cuqiut signal with 
Ng gas in Oz output line. 





&UUC uS 32-i b). 

Same as 32-1 b). 

Il2, if present In O2 discharged to 
cabin, would result in BSD of WES. 

HI 

"il2 in O2” meter display. 
Combustible gas detector 
(22) would exceed high 
limit if Il2 in cabin. 

Meter readout is O2 out- 
put temperature unless 
32-2 has Rilled. Red 
light on CGD is on. 





Same as 32>'l c). 

Suiiie as U3-L e). 

None. 

HI 

None. 

Bubble ciicck by crew. 


33 

Circuit Breaker (N. C.) 
aiiip i>C 

O 0 :■ 

To prevent excess Input 
current to power 
conditioner (il). 

Contacts: Stuck closed. 

Welded contacts or 
spring rupture. 

Unable to manually open 28 VDC in|>ut 
switch. Secondary failure In power 
coiidilioncr» if causing high current, 
would probably result in burned out 
iransistor in P. G. . and loss of input 
pmver to module (11). WES would ESd 
during O2 pressure decay at open 
circuit. 

UI 

Green ^'28 VDC" light 
remains on. lied "O2 
Low" light on. 

Unable to remove 28 
VDC input tu WES by 
manual uwllchlng of (33^ 



o - - 

H 0 


Curitacts stuck open. 

Cuntaniiiiatiuu. Opeu 
relay coil. 

Unable lu apply 28 VDC tu WES. 

HI 

Green "28 VDC" light 
remains off. 

Unable to a(>ply 28 VDC 
input to WES by manual 
switchlig; of (33). 






































TABLE X 

WATEll EI>ECTKOl.YSIS SYSTEM (WES) 
\ EMEUaENCY SHUTDOWN SUMMAKY 


f.intU Hold 
Period 

Inhibit 

llecinircd 

DIap. Devel, 

Displuv Device llcni No. 

Fault 

Visual Signal 

roMtaiil 

None 

0 -50 VS4C Meier 

40 

H.ed Liglil “On" 

Tiuilaiil 

None 

O-lOO A Meier 

41 

Red Light “On" 

Ins la III 

None 

None 

- 

Red Light "On" 

Inslaiil 

lie.set 

None 

- 

Green Light "Off" 

fnslaiil. 

Ucset 

None 

- 

Green Light "Off" 

.10 See. 

None 

0-250“E Elec. Meter 

44 

Red Lighl "On" 

1 See. 

Siait-up 

0-5 VDC Elec. Metcr/Sol.Sw. 

50 

Red Light "On" 

1/4 See. 

None 

0-500 psig Elec. Meter 

50 

Red I4ght "On" 

1 Sec. 

Starl-it|> 0-500 pslg Elec. Meter 

+ 5 min tinier 

50 

Red Light "On" 

1/4 Sec. 

None 

0-500 pslg Elec. Meter 

48-2 

Red Liglit "On" 

1 See. 

Start-up 0-500 psig Elec. Meter 

L 5 mill timer 

48-2 

fled Lighl "On" 

1/4 See. 

None 

0-500 pslg Elec. Meter 

48-1 

Red l,lght "On" 

1 See. 

SUirt-up 0-500 paig Elec. Meter 
5 min timer 

48-1 

Red Light "On" 

II Min. 

Slaxl-up 

None 

- 

Red I.ight "On" 

20 See, 

None 

None 


Red Lighl "On" 

1 Sec. 

None 

None 

- 

Red Light "On" 

1 See. 

None ' 

0-250“E Eiec. Meter 

44 

fted Light "On" 

.'10 See. 

None 

None 

- 

Red Liglil "On" 

1 Min. 

Sl.aiT-iip 

Meter 

On (47) 

Red I.lght "On" 

lost. 

None 

Meter 

On (4C> 

Red Lighl "On" 

1 Sec. 

None 

0-250“F Elec. Meter 

44 

Re«l f.ight "On" 

1 See. 

None 

0-5 VDC Elec. Melcr/Sel.Sw. 

50 

Red Lighl "On" 

15 See. 

None 

0-5 VDC Elec. Meter/Sel.Sw. 

50 

Re<l Lighl "On" 



The pre-prototype assembly for the system consisted of a fluid 
pa;ckage and control package or cabinet (photographed in Figure 15). The fluid 
package was made of "Unistrut’ aluminum frame with a vertical aluminum panel for 
mounting the larger fluid components. A commercially available cabinet was selected 
of a size for mounting all the display components on the front face resulting in a 
generous interior for mounting electrical control components and circuit boards. 


Prior to installation in the fluid package, fluid components were 
bench tested for proof pressure, leakage, regulated settings, etc. and instruments 
were checked out as calibrated by vendors or by in-house verification. Some of this 
component testing is described in Section 3. 3. Sections of fluid lines with components 
were also proof pressure and leak checked as sub-assemblies prior to installation 
wherever possible. 

Initisi system testing was conducted at pressures under 345kM/m^ 
(50 psig) to check out major functional components such as the power-conditioner/ 
electrolysis module, phase separator/pump, water accumulator and make-up pump. 
These conditions were also used to verify sensor outputs, automatic startup and 
shutdown sequence functions and automatic eme.egency shutdowns-. ^ 

All major components performed satisfactorily so that most of 
check out period was occupied with troubleshooting of automatic controls. 


I 


. \ 
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3. 4. 3 System Evaluation 

Thi 3 following discussion summarizes in chronological order the 
conditions experiencec and observations made during extensive testing of the advanced ‘ 
WES which commenced in June, 1974. Operating results and test data relating to a 
specific component have been presented in Section 3. 3 and a functional description of 
components as part of overall system operation is provided in Section 3. 2. 

Operation of the system at regulated system pressure and 
temperature was initial/y performed on June 13, 1974. A load profile versus time 
showing the temperature transients during warmup is provided in Figure 25. Operation 
of all pressure regulators, nominally set for a 690kN/m^ {100 psig) level, and the 
water temperature regulator was very satisfactory. 

Electrical checkout of automatic startup and emergency shutdown 
functions was sufficiently complete to allow unattended system operation around the 
clock. Erratic automatic shutdowns in. the module overvoltage channel and later in the 
separator AP channel, however, interrupted sustained operation,, The first was 
corrected by utilizing isolated voltage sensing with a meter relay In place of the 
previous electronic --compiirator circuit approach. The cause of the latter erratic 
behavior was found to be sensitivity to 115 VAC noise and load switching on the power i 
line which was subsequently corrected with a commercial noise filter on the input 
115 VAC line. 1 

The first week of endurance testing was hampered by false ' 

shutdowns as described. However, two weeks of continuous unattended operation was 
subsequently demonstrated at the nominal 690kN/m2 (lOO psig) system;, pressure level. ' 
Maximum gas generation rate at an electrolysis module load of 75 amperes was 
sustained for most of the 429 accumulated hours of endurance testing at this pressure. 

As shown by Figure 25, a regulated process water temperature 
of 339K (150®F) was achieved after warmup r esulting in a H 2 /H 2 O module outlet 
temperature of 431K (190^F). At 75 amp load, module surface temperatures reach 
about 344K (leo^^F) . The pressure of trapped nitrogen in the module dome is seen 
to increase and eventaally stabilize with temperature. 

Measurement of steady state tempera.tures at different loads was 
obtained subsequent to a sustained period at maximum load. This load/temperature 
profile is shown in Figjure 26. Recorded temperatures were not continuous but 
readings were taken at least s;ix hours after load changes to obtain essentially steady 
state values. Process water regulated temperature is maintained at about 339K (ISO^F) 
at 50 amps or higher and with electrolysis module AT, i. e. , module H 2 /H 2 O out minus 
module H 2 O in, proportional to load. Heat generation rate below 50 ainps was not 
sufficient to maintain a 339K (L50°F) process water temperature; the "hot” port of the 
temperature regulator is fully open, and system temperatures fall as shown. 
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The initial 429 hour endurance test period was established at 
system pressures tabulated in FijEjures 2S\ and 26, nominally 690kN/m'2 (100 psig). 
Subsequently the system was shutdown to adjust pressure regulators, relief valves and a 
the accumulator return spring for' operatic^n at nominally 1724kN/m^ (250 psig). The 
load /temperature profile and tabulated prel|5sures are shown in Figure 27. Because 
phase sepai*ator/pump pressvxre rise had di;opped to under 41kN/rn^ (6. 0 psid) and 
reduced process water flow rate, maxiniunl. load of 75 amp could not be sustained 
without module outlet temperature ^exceeding’ 441K (200OF). In addition, a water 
discharge was observed in the H 2 outlet flowmeter. Differential pressure gages were 
added to monitor separator /pump AP and water flow rate. Also, 1/4 inch diameter 
translucent nylon tubing was in.serted at the separator /pump H 2 outlet to observe any 
water discharge. 

The phase separ-ator/pump was found to have a loss in AP with 
increasing system pressure and a leaky solenoid valve. 'With the concurrence of 
Fluid Dynamics Corporation, the manufacturer, it was decided to obtain system 
performance data at maximum system pressure of 2413 to 2760kN/m^ (350 to 400 
psig) before returning the separator /pump for vendors examination and correction. 

This would identify any other component difficulty at design pressure level before 
suffering the extended downtime expected for sepiOi-ator/pump repair. 



The pressure regulators, relief valves and water accumulator 
spring load w^ere adjusted for nominal 2760kN/m^ (400 psig) system operation. 

Evaluation of system operation at gradually increasing pressure levels was 
accomplished by self-pressurization at a 10 amp lo'p.d (with automatic ESD deactivated) 
and gi’adually ’’bootstrapping" the system with manual control of va.lves to the 
following operating pressures kN/m^ (psigO at regulated conditions: N 2 dome, 

2896 (420); O 2 regulator, 2723 (395), imodule two-phkse 2586 (375); H 2 regi-ilator , 

2427 (352) and N 2 base 2289 (332). Phase separator -pump AP was found to fall 
off briskly from 66 to 31kN/m^ (9. 6 to 4. 5 psid) with -increased line pressure indicating 
possible deflection of internal components proportions^ to pressiire. Sustained operation 
of the WES at high, pressure was not ppssible because pf sudden loss of pump output 
due to uncoupling of the magnetic drivfe. The unit vras f'emoved from the system on 
9-11-74 and sent to, the manufacturer, Fluid Dynamics Corporation, Chester, 

California for high pressure evaluation and corrective h^odifications. Further 
discussion of phase separator/pump peirformance is included in Para. 3.3.3. 

' ' ' ' - ' 

V subsequent to installation of the repamed phase separator/pump 

on 10-30-74 high presBm'e system evaluation was resumed. Adjustment of the switch 


position on the water accumulator and i change in the timing cycle of the make-up 
pump was reduired to avoid false '’empty" signals. After Satisfactory componeat 
performance was verified and sj^-stem automatic startup and shutdown sequences 
were tested, ESD pressure limits were ireadjusted for high pressure operation. The 
ESD limit settings are listed in the FDlik Table X. These liWts were verified under 
actual test cohllitions where m with the automatic ESD\ controls; reactivated,* 

"High" limit pressure values/could not fte demonstrated under actual system operation 
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because the O 2 and H 2 pressure regulators relieved gas under the fault ESD valve. 


System depressurization with ESD controls activated did not allow 
components such as the phase separator /pump to operate at system pressures below 
ESD limits. Therefore, expulsion of hydrogen gas (plus water) from the two-phase 
region was accomplished by venting the fluids through manual valve (Items 28-3, 

Figure 16) to atmosphere. Subsequent to rapid system depressurization on 11-9-74 
because of a leaky seat on the H 2 vent valve (Item 28-1) the water line connecting the 
outlet of the phase separator/pump and inlet of the deionizer was found to contain 
resin beads \dislodged &om the deionizer by pulsating, reverse two-phase flow during 
depressurization. The deionizer was modified as discussed in Para. 3.3. 7 and 
additional phase separator /pump repair was required because of damage by the resin 
particles. Also as a corrective measure,, an enabling switch was added inside the 
control cabinet which could correct or interrupt eiU^JESD signals to the controller. The 
switch enabled component and system operation outside of ESD limits. In particular, 
it allowed phase separator /pump operation during systems depressurization to vent 
essentially all entrapped and dissolved hydrogen gas from the two phase region to the 
hydrogen outlet and simultaneously prevented flow reversal in the process water loop. 
This switch also' permitted low pressure system operation and self -pressurization as 
previously described up to regulated operating pressures although manual vudve adjust- 
ments were required for pressure control. Normal system pressurization is 
accomplished by g'radual pressurization with the N 2 manual regulators until all pressures 
are within design limits with all FDIA lights out. The system can then be activiated 
electrically using the desired push button panel contirolsl 


System operation was resumed on 1,2-4-74 with development testing 
concentrated on per^rming cyclic (orbital) operation at high pressure conditions. 
System checkout and ''testing during the normal work day whs concentrated on the setting 
and evaluation of automatic functions for cyclic operation. Overnight, the system, 
was placed on unattended continuous operation to accumulate\ hours of endurance testing, 
klectrical trouble shooting during the cyclic evaluation t3sts\revealed that a faulty- 
transistor had caused Erratic time functions for cyclic operaiion and was corrected. 


The electronic timer was subsequently set to provide a 54. 7 hpinute system powered 
period and a 40. 7 minute standby period. It is not possible at\high pressure to hold 
a period of unpowered electrolysis module without the cyclic consumption of nitrogen 
to maintain, a minimum allowable base pressure on both thp oxy'lgen and hydrogen sides. 
Also, it was learned that the phase separator could not be operated with the module 
unpowered since the separator would lose pressure differential and the impeller 
would become noisy (caused by enlargement of the gas core),. For these reasons a 
minumum module load was ^tojje-determined by additional tssting\m the standby mode, 

■■ \ \ 

On December 31, 1974 the system was automatically shutdowm due 
JpJiigir^wo-phase pressure which was caused by a faulty hy dr 'ogen regulator. Bench 
check and disassembly of the component revealed a leaky gas bellows apparently 
cracked from cyclic fatigue. ;T|he poppet of-the component, oon'tinuoiisly cycles between 
an open and closed position as, the solenoid! valve on the phase Separator is energized 


\ 
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cyclically. The frequency, dependent upon gas generation rate, was about 10 cycles 
per minute at 30 amperes. It was estimated that 400, 000 cycles were accumulated to 
this failure point. A spare bellows assembly and gland for the H 2 regulator was received 
from Au SCO, Incorporated, bench checked, and installed on January 3, 1975. An 
electrical counter was also installed to measure the number of cycles of solenoid valve 
operation. Subsequent system operation was satisfactory and evaluation of the cyclic 
operating mode was resumed. 


When the failed hydrogen regulator was disassembled some particles 
of catalyst material were found inside. Inspection of the upsk\eam catalytic sensor 
revealed the catalyst material had been eroded away apparentljl from the impingement 
of water slugs on the catalyst in the line. A fuiture modification would include a pro- 
tective screen to reduce erosion and an enlarged fitting to reducV fluid velocity. 


Dui’ing the perictd of system evaluation from January 3 to \ 

January 9, 1975, accumulating 119 hours of module operation und^u load, 62,\703 
solenoid valve (on the phase separator) operating cycles were counted for an average 
rate of 525 cycles/hour. In order to prevent the potential cyclic fatigue of relisted 
components it wa'f^ decided to add a hydrogen differential pressure r^pilating valve 
downstream of tlic^ solenoid valve. (Refer Figure 16 , item 20). The purpose of this 
regulating valve is to hold a pressure differential across the phase seiutrator (Water 
outlet pressure minus hydrogen outlet pressure) slightly less than its i|0rmal pressure ' 
rise when the gas core diameter is controlled by the magnetic picfeip and solenoid valve.: 
With this pressure regulator the gas core is slightly larger, such that the magnetic pickup 
impeller is not rotated by the water vortex and the solenoid valve is enei\gized ' , 
continuously open to let hydrogen out. An xAnsco, Incorporated differ entik pressuVe 
regulator, P/K P321/-50, previously used on this program as a water differential 
pressure regulator (rfefer to Figure 45 and to Para, 2 , 3. 6) was tried for mis purpd^e. 

It was necess£vry to add a small spring on the poppet side of the bellows to mcrease^ 
operating pressure difi'erential to an initial adjusted value of 52. 4kN/m^ (T.n psid). ' 

The addition of the differential hydrogen regulator was very > 
successfiil in almost eliminating solenoid valve cycling except during momentary \ ; 

traiis.ient periods of startyp, load change, and at times during system pressurrsation \ 
and water priming. It wks also found tfciat the previously observed cyclic emission of 
water slugs out a cycling '^siolenoid valve v/as essentially eliminated by the use oi\the 
differential regulator. 


System \evaluation continued on paramjairic testing in the cyclicV \ 
mode consisting; of a 54. 7 tyinute high power period and a 40. -7 low power or standby \ 
pez’iod, A minimum standtyr .electrolysis module current of 6 amperes was established \ 
to maintain a. small net gas output rate of about 330 SCGM H 2 and 165 SCCM O 2 sucli \ 
that the hydrogen and oxygeu^pressure regulators. would hold miaimum pressures ab^e 
emergency shutdown limits. iPressure regulator settings and ESD limits were acepr® 
adjustyd, A minimum currerit is required to overcome the relatively higher rats of 


V-., 
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gas diffusion across the cell SPE membrane at 361 to 367K (190-200°F) as load is 
abruptly changed from a high power of 50 amperes or greater to the standby valuer 
As the cells of the electrolysis module cool during the low power period a somewhat 
lower current would be sufficient for a net gas output to prevent pressure decay 
(when H 2 and O 2 back pressure regulators are closed). During an extended period of 
system operation of over 200 hours the pressure rise of phase separator /pump 
gradually diminished from 52. 4 to 41. 41cN/m^ (7.6 to about 6. 0 psid) which required 
readjustment of the differential pressure regulator to "hold” the solenoid valve open. 


System accumulated gas generation time had now reached 995 hours. 
Sustained unattended operation at high pressure except for load changes and five 
differential regulator adjustments described above, was demonstrated for 190 hours 
from January 22 to January 30, 1975. After 20 hours of continuous operation the 
system was changed to tiie cyclic mode demonstrating cyclic load changes between 
6 amperes standby current to high power values of 10> 20, 30, 40 and 50 amperes 
each for extended periods totalling 170 hours without shutdown. Because of the 
loss phase separator /pump speed and pumping differential it was decided to 
deactivate the system on January 30, 1975 until the phase separator problem could 
be investigated and resolved. 


On February 10, 1975, functional aspects of the system were 
demonstrated at various loads and operating modes for a short period prior to system 
depressurization to remove and disassemble the phase separator /pump. Inspection 
of the pump revealed that a teflon washer shim between the impeller and housing had 
been worn and frayed. This was replaced by a 13 mm (. 005 inch) thick niobium 
metallic washer. The sepjurator/pump was then reassembled and bench tested with a 
pressurized water reservoir up to 2413kN/m‘^ (350 psid) and circulated water flow 
(without two-phase input capability). A pump AP of about 62kN/m^' (9. 0 psid) was 
measured in this set-up . On February 11 the phase separator /pump was reinstaUed 
in the system. Initial system operation at low pressure of approximately 172kN/m^ 
(25 psig), revealed a low water flow rate at noi’mal pump AP. After removal and 
beinch flow testing of the deionizer the problem was corrected. The added flow imped- 
ance was attributed to gas blockage of the deionizer caused by the previous day’s 
depressurization with a closed water metering valve. This dead-ended the inlet line 
to the deionizer and trapped the gas corniitf out of solution. Subsequent normal 
system operation at design pressure and at module load from 10 to 75 amperes was 
demonstrated at phase separator/pump AP of 52kN/m^ (7. 6 psid) and w^ater flow of 
90.2kg/hr. (22.5 PIPE). 


Additional system tests were conducted to determine the variation 
in phase separator/pump performance which is discussed in Para. 3. 3. 3. , Phase 
separator /pump AP output remained at 44. 8 to 51. 7JiN/m^ (6. 5 to 7. 5 psid) at high 
line pressure attributable to internal clearance changes. Except for maintaining module 
current under 50 amp during sustained operating periods to keep outlet temperature 
under 367K (200 F), high pressui’e system operation was otherwise satisfactory. 
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In support of preliminary design work on a parallel program for a 
Life .Science WES Demonstrator Unit, continued system testing was used to provide 
data for electrolysis module and system performance analysis. Also, design 
approaches for simplifying pressure control, priming and depressurizing techniques 
were also investigated. Fi’om this work a recommendation for the Demonstrator Unit 
included the use of O 2 and H 2 differential back pressure regulators which would be 
referenced to the base pressure nitrogen regulator. This ino<iifioation would allow 
manual adjustment of a single regulating vaive to establish control of both H 2 and O 2 
pressures at any desired operating level rather than by pre-adjustmentof absolute gas 
regulators in the current system. Additional tests also verified that the accumulator 
check valve (Item 2-6) was not a necessary system component and its removal was 
proposed for the Demonstrator Unit. 

Because of a planned change in facility location, the six-man 
packaged WES was satisfactorily disconnected and transported to the new location. 
With the availability of services in the new facility on 6-2-75 the packaged system 
was reconnected and satis fac tor il.y operated at design conditions within two-days time. 
Subsequently the electrolysis module was removed from the system,' as planned, for 
disassembly , refui*bis.hment, and installation of fluoroslHcone cell gaskets to be 
evaluated. Total accumulated operating time under load was 1077 hours. 
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SECTION 4.0 HIGH PRESSUBE OXYGEN GENERATION 


4. 1 System Analysis 

As part of the subject program, design analyses were made for the 
electrolytic generation of oxygen at up to 17. 24 MN/m^ (2500 psia) with the basic SPE 
cell and module configuration for the purpose of providing oxygen for a waste process 
reaction. 

■ Requirements for the oxygen generator would be that it provide oxygen 
at a temperature betwe^en 283 and 343K (50-140F) and at a constant rate of 2. 95 kg/ day 
(6. 5 lb/ day) into a reactor in which pressure normally varies between 14. 5 ‘and 15. 9 
MN/m2 (2100-2300 psia). The water utilized by the oxygen generator would be sup- 
plied at ambient pressure. The high pressure oxygen output control valve would be 
part of the waste process system. Two separate electrical signal pulses of 5 VDC 
from the waste process system would be utilized to start and stop the oxygen generator. 

Electrolysis cell operating performance at high pressure was derived 
from development testing of SPE electrolysis cells for oxygen generation at 20. 79 
MN/m2 (3015 psia) and conforming to requirements for a Navy oxygen generating plant 
under Contract N00024-72-C-5557, Project Serial No. SE0433-104, Task 16670 under 
Naval Ship Systems Command, Department of the Navy. At a mean cell operating con- 
dition of 393K (120F), 17. 24 MN/m2 (2500 psia) and at a current density of 242 mA/cm^ 
it was determined that 12 cells of 214.2 cm2 area (same as in 13-cell module of ad- 
vanced WES) would provide the required oxygen rate of 2. 957 kg/day (8. 52 lb/ day). 
Process water circulation rate would be 26. 1 kg/hr (57. 5 Ib/hr) for an electrolysis 
module water inlet temperature of 311K (lOOF) and a H 2 /H 2 O outlet temperature of 
333K (140%-). 

This \vas the operating temperature and the current density demonstra- 
ted during most of the life tests on submarine cells operating in the cathode water feed 
mode. Higher operating temperatures were not found advantageous since higher para- 
sitic losses due to gas diffusion through SPE cells at high pressures offset the reduc- 
tion in cell operating voltage. Predicted input power to the power conditioner (90% 
efficiency) and electrolysis module would be 1425 watts whereas, heat rejection from 
both components would be 672 watts. Consistent input current would be 50. 9 amps at 
a supply voltage of 28 VDC. 

The electrolysis module design for 17. 24 MN/m2 (2500 psia) would be 
similar in concept to the 2. 86 MN/m2 (415 psia) design of the advanced WES. That is, 
the stack of 12 cells would be contained within a dome pressurized with nitrogen to 
reduce cell gasket differential pressures to about 690 kN/m^ (100 psid). 
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The basic high pressure oxygen generation system schematic is shown 
in Figure 46. Redundant components for improved reliability and necessary instru- 
mentation for performance monitoring and fault detection are not included for simpli- 
fication. Functional components are similar to those of the six -man advanced WES 
(refer to Figure 16) except that differential rather than absolute back pressure regu- 
lators are employed for high pressure control and means of system pressurization 
a?ad depressurization. The process water loop operating conditions of lower tempera- 
ture and higher pressure have allowed for eliminaticn of the regenerative heat ex- 
changer. This requires operation of the phase separator/pump at about 333K (140F) 
and the deionizer at about 311K (lOOF) which is considered feasible for both components. 


As shown in Figure 46, a hand-loading base pressure regulator is used 
for manually raising and lowering system operating pressure, O 2 and H 2 differential 
back pressure regulators and the module dome pressure regulator are referenced to 
regulated base pressure. It is proposed that the O 2 generator system would be started 
at low pressure and be self -pressurized by electrolysis at increasing pressure levels 
as base pressure is adjusted upward to design operating conditions at the following 
regulated values; 


N2 Base Regulated Pressure: P-\r„ 
rZ n J- i -^^2 BASE 

(Manually adjusted) 

Hydrogen Regulated Back Pressure; Pjj- 


= 0-16. 5 MN/m2 (0-2400 psia) 



2 BASE 


+ 345 kN/m2 

(50 psic^ 


Oxygen Regulated Back Pressure; Pq„ = Pm„ t 3 a o-p kN/m^ 

di J3AoJl< ^ 

(100 psid) 

N 2 Dome Regulated Pressure: P^g j)OME ^N 2 BASE ^ 

(150 psid) 

Relief valves are provided for overpressure protection and would back- 
up FDIA instrumentation with ESD controls. Several manual valves are shown for 
shut-off and venting capability to completely depressurize the system. 


A water temperature regulator controls process water delivered to the 
deionizer and to the H 2 side of the module at a temperature of 311K (lOOF). Two- 
phase H 2 /H 2 O flow leaves the module at a temperature of 333K (140F) and is delivered 
to the phase separator. Because of the high pressure, only a small amount of water 
vapor is discharged with the hydrogen at this temperature. Water discharged from 
the phase separator is cooled by the heat exchanger with some by-pass directly to the 
temperature regulator. A water accumulator, as in the advanced six -man WES, has 
the dual function of providing logic for make-up water addition and a water storage 
capacity for load changes. A piston-t 3 rpe make-up pump delivers feed water from am- 
bient supply pressure to the accumulator at a pressure of about 16. 9 MN/m^ (2450 psia) 
Coolant supplied to the system removes waste heat from the heat exchanger and power 
conditioner. 
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A trade-off study would be required to determine the most feasible 
means of meeting power, weight, start/stop requirements of a waste process system. 
Because of a high rate of O 2 and H 2 gas diffusion at high pressure or so-called "fuel 
celling", gas pressures would drop suddenly if load was removed from the electroly- 
sis module. Either a standby current must be maintained such that a small net O 2 
and H 2 gas production is discharged through the back pressure regulators, or as the 
pressures fall in the electrolysis module, nitrogen would be admitted through the 
check valves shown in Figure 46 , to hold system pressure at regulated N 2 base pres- 
sure, For short, frequent down times of the waste process reaction, maintaining a 
standby load on the O 2 generator sounds feasible whereas for long, infrequent down 
times, the nitrogen back fill would conserve power with little addition weight for N 2 
usage. 

It was determined that a standby current of 16 amps would be required 
to overcome estimated diffusion losses at a module temperature and pressure of 316K 
11 di’) and 17. 2 MN/m2 (2500 psia). An input power of 386 watts and system heat re- 
jection of 375 watts would be required to maintain this condition. Some O 2 output 
valve control would be necessary to dump or by-pass the small amount of oxygen dis- 
charged from the O 2 generator. 

Complete removal of current from the electrolysis module would result 
in nitrogen at 16. 5 MN/m^ (2400 psia) replacing essentially all oxygen and the equiva- 
lent stoichiometric amoimt of hydrogen which are gradually combined to form water by 
diffusion at the electrodes in the SPE cells. It was calculated that a total quantity of 
4. 54 kg (10 lb) of nitrogen would be used for 100 system shutdowns. This nitrogen 
would necessarily be purged overboard with the generated O 2 and H 2 for a sufficient 
period of time after restarting to eliminate this diluent from oxygen delivered to the 
waste process reactor. Assuming three complete system changes which include N 2 
pressurization of the module dome, the total nitrogen requirement would be 7. 5 kg. 

(16. 5 lb). The gas bottle volume requirement for initial storage at 41. 3 MN/m2 (6000 
psia) and use at 16. 5 MN/m2 (2400 psia) would be 26. 4 liters (0. 932 ft^) equivalent to 
a sphere having an inside diameter of 36. 9 cm (14, 5 inch). 

4,2 Component Design 

Because cell design would be identical to and the stack assembly of 12 
cells would closely approximate the 13-^cell advanced module configuration, only the 
enclosure plate and domed enclosure would require redesign for higher pressure, 
conditions of maximum operating pressure of 17. 9 MN/m2 (2600 psia), a proof pres- 
sure (1. 5 X) of 26. 9 MN/m2 (3900 psia), and a burst pressure (2. 5 X) 44. 8 MN/m^ 
(6500 psia) were applied for module design stress analysis. The following modifica- 
tions would apply to the module design shown in Figure 22. The bottom enclosure plate 
would consist of 7075S-T6 aluminum, 5. 08 cm (2. 00 inch) thick utilizing type 316 
stainless steel inserts for fluid porting and corrosion resistance. The lower module 
operating temperature permits the use of this design approach and use of this high 

122 

DIRECT ENERGY CONVERSION PROGRAMS - 



GENERAL^ ELECTRIC 

strength aluminum to reduce weight. The elliptical dome of the module is made of 
2024-T6 aluminum with a wall thickness of 1. 42 cm (0. 56 inch) and having a flange 
thickness of 3. 8 cm (1. 50 inch). The diameter of the flange and enclosure plate have 
been increased from 33 to 37. 4 cm to accomodate these larger dimensions and larger 
flange bolts. Twenty-four flange bolts 9/16-18 thread are specified by MS9738 (17-4 
Ph), precipitation hardened stainless steel. The estimated weight of this 12 -cell 
17. 24 MN/m2 (2500 psia) module design, is 41 kg (90. 5 lb). 

The water accumulator design shown in Figure 34, which incorporates 
ani external actuating rod was found not feasible for much higher pressures because of 
imbalance forces. A modified design concept would include an internal stainless steel 
piston with encapsulated magnets and without a piston rod. Reed-type position switches 
would be contained in sealed tubes inserted in the end plates of the accumulator. Water 
capacity was reduced to 164 cc (10 in. ^) because of elimination of the regenerative heat 
exchanger in the water process loop and the high operating pressure. Cylinder size 
would be 7. 62 cm (3. 00 inch) 0. D. x 20. 6 cm (8. 12 inch) long. Net additional weight 
over the six -man WES accumulator is 1. 4 kg (3. 1 lb) to a total new weight of 7. 13 kg 
(15.741b). 

The phase separator /pump would not change in concept, but would in- 
crease in size and weight to provide for a heavier housing to accomodate the higher 
internal pressure. Estimated weight would be 9. 1 kg (20 lb). 

Design of a nitrogen bottle for minimum weight considered an ARDEFORM 
sphere made from cryogenically formed 301 stainless steel shell with external glass 
filhment reinforcing. As fabricated, the steel inner shell is under compression and 
approaches a zero stress condition at the design operating pressure of 41. 3 MN/m^ 

(6000 psia). Design burst pressure (2. 5 X) would be 103 MN/m2 (15, 000 psia). The 
external fiber structure is of glass filament wound construction with resin cured at 
422K (300F). Demonstrated tensile strength at room temperature is 2275 MN/m^ 

(330, 000 psi). Design configuration would be a stainless steel shell of 36. 9 cm (14. 5 
inch) inside diameter and waU of 3. 19 mm (0. 125 inch) surrounded by a fiberglass 
shell with a wall thickness of 4. 19 mm (0. 165 inch). This configuration would weigh 
19. 5 kg (42. 9 lb) and hold 12. 5 kg (27. 5 lb) of nitrogen having a standard volume of 
13. 4 std. liters (380 SCF). 

, Gas regulators for differential control at high pressure are commercially 

available as special equipment for the conditions cited. Contact was made with Tescom 
Corporation, Minneapolis, Minn. , who provided information on the units listed in the 
following table. 
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Max Max Positive 

Inlet Outlet Reference Bias 


Tescom Weight Pressure Pressure Pressure Differential 




N 2 Base Pressure 
Hand Loader 

26-1024-34 

2.5 

41. 4(6000) 

.1- 17.2(15-2500) 




N 2 Dome Pressure 
Reduced W1 Ref. 

Similar to 
26-1000 

2.5 

41. 4(6000) 

Max 17. 6(2550) 

16.5(2400) 

103(150) 


O 2 Back Pressure 
Regulator W1 Ref. 

Similar to 
26-1700 

2.3 

17.2(2500) 

< 15.8(2300) 

16. 5(2400) 

69(100) 

to 

H 2 Back Pressure 
Regulator W1 Ref. 

Similar to 
26-1700 

2. 3 

16. 9(2450) 

< 15. 8(2300) 

16. 5(2400) 

34. 5(50) 



6ENERALHELECTRIC 


GENERAL ^I electric 

Because of the higher process v^ter flow rate and higher operating 
pressure than the sh^ -man rated WES, the deionizer would utilize a larger 1000 ml 
capacity sampling cylinder rated for 24. 1 MN/m2 (3500 psia) operation. Container 
size would be 8. 9 cm (3. 5 inch) outside diameter by 29,2 cm (11. 5 inch) long, 
weighing 5. 56 kg (12. 25 lb). 

Pressure rating of the dual heat transfer coil heat exchanger, P/N 
3101-6, 4-8-6X, Parker Hannifin Cor p. , is 18. 6MN/m2 (2700 psia). Similarly, most 
standard commercial tube fittings, hand valves, check valves, etc. , have pressure 
ratings greater than 20. 7 MN/m^ (3000 psia) and would be suitable for service in this 
system. 

Major components of a water electrolysis system which are weight 
sensitive to operating pressui'e are listed below.; A comparison of component weight 
is provided between that of the six -man rated system at nominal 2. 860 MN/m^ (415 
psia) and that of the high pressure O 2 generation system at nominal 17. 2 MN/m2 
(2500 psia). 


Component Name 

Six -Man WES 

Weight kg 

High Pressure 
O 2 Gen. 

(lb) 

Electrolysis Module 

32. 9 (72. 5) 

41,1 (90.5) 

Water Accumulator 

5.7(12.7) 

7.1(15.7) 

Phase Separator 

7.2 (15. 8) 

9. 1 (20. 0) 

Deionizer 

1. 5 ( 3. 3) 

5.6 (12. 3) 

N 2 Gas Bottle (Empty) 

Not Included 

19. 5 (42. 9) 

N2 Gas Bottle (Full) 


32, 0 (70, 4) 

N '2 Base Pressure Regulator 

2.5 ( 5.5) 

2, 5 ( 5, 5) 

N2 Dome Pressure Regulator 

2. 5 ( 5. 5) 

2, 5 ( 5. 5) 

02 Back Pressure Regulator 

0.7 ( 1. 5)* 

2. 3 ( 5. 0) 

II 2 Back Pressure Regulator 

0. 7 ( 1. 5)* 

2.3 ( 5.0) 


* Absolute Back Pressure Regulators designed to specification. 


It should be noted tlnit the component weights listed, excepting the N 2 
gas bottle, are for commercial off-the-shelf hardware or for preprototype designs 
without a critical regard for weight and would not be, necessarily, respective of flight- 
weight designs. 
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SECTION 5. 0 SPACE STATION PROTOTYPE SUPPORT WORK 

The design of an Oxygen Generation Subsystem as a part of the 
overall Life Support System for the Space Station Prototype was conducted in parallel 
with Phase I of this program. As reported, testing of the four -man breadboard WES 
provided information on component and system characteristics in different operating 
modes and supplied test data in support of engineering desi^pi. After shipment of the 
packaged Oxygen Generation Subsystem to NASA/JSC in Houston, Texas, in 
September 1973, consultation by telephone was provided to NASA during its installa- 
tion and checkout. 

During subsystem testing at NASA/JSC on February 1,9, 1975, 
the electrolysis module exhibited evidence of internal lealcage. The torque of the nuts 
on the module tie bolts was not checked before the system was tested and this wa,s 
surmised initially to be the cause of the leakage. The 27-cell electrolysis module 
was returned to General Electric Go. /DECP for failure analysis, refurbislmaent, and 
checkout. This work was accomplished and is summarized in a letter report included 
in the Appendix. The refurbished module, containing 15 of the original 27 cells, was 
returned to NASA/JSC on March 24, 1975, Satisfactory performance of the electroly- 
sis module and Oxygen Generation Subsystem was subsequently demonstrated over a 
100-hour checkout test period. 


126 

DIRECT ENERGY CONVERSION PROGRAMS 


GENERAL @ ELECTRIC 

SECTION 6. 0 CONCLUSIONS 

\ 

1) A 13-cell, SPE advanced module design for opei^*ation at an 
average temperature of 355k (ISOoF), and 2860lcN/m2 (415 psia) conditions was suc- 
cessfully demonstrated i.u a six -man rated water electrolysis system (W7ES) over a 
total operation period of 1060 hours. 

I 2) Safe, unattended operation of a six-man„rajted,,ady^^ pre- 

prototype WES was demonstrated in continuous and cyclic operating mode^ at a 
nominal pressure of 2860kN/m2 (415 psia). The packaged system ;lncluded semi- 
automatic controls for pusiifoutton start, stop,; FDIA instrumentation and epiergency 
controlle ' for a safe emergency shutdovTi at high pressure. 

i 

3) A combination water pump/centrifugal phase separator was 

developed which demonstrated positive separation of hydrogeri' and water and, pumping 
capability in the six -man advanced WES over a wide range of operating pressures 
from 172 - 2758klsVm2 (25 - •100 psia). \ \ 

4) An imp'f;oved, dual -beaded fluorosilicone rubber gasket •^system 
was installed in the cells of the electrolysis module and successfully tested at maxi- 
mum design operating conditions of 367k (200°F) and SOOOkN/m^ (435 psia),. \ 

1 5) A high pressure, catal 3 fti,c O 2 /H 2 gas mixture sensing device 
was developed which demonstra.tted excellent seiisitivity for both lean and rich mix- 
tures below and above the flammabilitj* limits. This device was installed in both\the 

0 2 and the H 2 output lines of the sm-man rated, advanced WES as a fault detectidji 

sensor. ' 

\ 

\ 

\ 

6) The results of a preliminary design study of a high pres,sure\^ 
water electrolysis system are presented for an oxygen generator which would supply 
oxygen at a rate of 2. 95kg/ daj* (6. 5 Ib/daj-) and at a pressure of 17. 2kN/m2 (2500 \ 
psia) applicable to a mste process system. \ 
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SECTION 7. 0 RECOMMENDA TI0NS 


1) Redesign of the phase separator /pump developed un<!|er this 

program is recommended to provide a larger magnetic coupling and motor '^and modi- 
fication of internal parts to eliminate impeller clearance changes caused by, deflection 
at high pressure. Also, a design should be developed which would incorporaSte a pro- 
portionate control on the H 2 gas discharge to eliminate the cyclic pressure pulsations 
encountered in the initial design. ^ 

2 ) Electrolysis m.odiRe design improvement resulting fron^. incor- 

pcjration of a beaded fluorosilicone gask# system should be life tested at.maxiWm 
module outlet operating temperature of 361-3(57k (190-200OF). Also, the integrity’ 
of sealing capability should be evaluated lify exercising the gasket system between 0 
and2860kN/m2 (0-415 psia) reflecting anticipated WES shutdowns for servicing j\nd 
maintenance. \ 

3) Further unattended testing of the advanced pre -prototype sys- 
tem, derated to three-man oxygen output, should be performed in continuous, cyckc, 
standby and high pressure ESD modes. The purpose of this testing v;ould be to fur- 
ther evaluate component performance, life capability and uncover anoinaiies requir- 
ing fKDssible adjustment or modification in prt^ssure regulator settings, automatic \ 
start -stop and ESD controls including setting Of timing sequences and FDL\ limits. \ 
Informa.tion from this testing wmuld be applied to improvement in the perforniance 
and reliability of components and the system configuration for the Water Electrolysis\ 
Demonstrator Unit in the Life Sciences Payload\ Program. 


\ 
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BASIC SPE WATER ELECTROLYSIS TECHNOLOGY 

1 

> 

‘ The electi’olyte in the SPE elec'fcrolysis concept is a solid plastic 
sheet or membrane of perfluorinated sulfonic acid polymer about 0.030 cm (0.012 in.) 

, thick* having many of the physical characteristics of Teflon. This polymer, -when 
'saturated with water, is an excellent ionic conductor (^15 ohm -cm resistivity) and 
is the only electrolyte required in the system. There are no free acid or alkaline 
liquids, wijth only water as the free liquid. A typucal cell is shown in the following 
illustratio^u This is a cross-sectional view through the SPE and the attached catalyst 
structure (;or electrodes) on either side of the membrane. Ionic conductivit}’^ is pro- 
vided by the mobility of the hydrated hydrogi^n ions (H+ • x H 2 O). These ions move 


yJU X 

thi'ough the' SPE membrane by passing betv^etW the fixed sulfonic acid groups. 

. \ 

To reduce the complexity of the water /gas separation techniques, 

ttie process iwater (reactant and eoo-lant) is fed^) the hydrogen electrode knom as the 
cathode feed mode. The SPE is sufficiently water perineable to allc’w water to diffuse 
from the hydrogen electrode to the oxygen electrode, where it is electrochemically 
decomposed to provide oxygen, hydrogen ions and electrons. The hydrogen ions move 
to the hydrog'en evolving electrode (cathode) by migrating through the SPE. The electrons 
pass through the external electrical circuit to reach the hydrogen electrode. At the 
hydrogen electrode, the hydrogen ions and electrons recombine electrochemically to 
produce hydrogen gas. 

The process water entering the cell is in excess of the amount 
required for the cell reaction. This excess water functions as the system coolant by 
transferring tide electrolysis cell waste heat to an external system heat exchanger and 
is recirculated within the system water loop. 

The gases are generated at a stoichiometric ratio of hydrogen and 
ox 3 ’’gen at any pressure required of the system bj!- simply back pressurising the corres- 
ponding gas side. For high pressure operation, e.i. greater than 790 kN/m-? (115 psia), 
the cell is enclosed in a pressure vessel and the differential pressure across the SPE 
is controlled by the system gas regulators. 
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SPE Electrolysis Cell Schematic 
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♦ DYNAMIC PHASE SEPARATOR/PUMP ASSEMBLY SPECIHCATION 

♦1. 0 Rinctional Purpose : Daring one GEE and zero GEE operation the dynamic phase 
separator /pump assembly, in any attitude, shall provide separation of a mixture 
of hydrogen and liquid water and also provide circulation capability of process 
water in an electrolysis system for a manned space station application, 

1. 1 End Items : Delivered dynamic phase separator /pump assembly hardware 
shall be: 

a) One (1) d 5 namic phase separator /pump with integrally mounted solenoid 
valve and relief valve. 

b) One (1) separator electronic controller. ’ 

*2. 0 Mechanical Description : The dynamic phase separator /pump assembly shall con- 
sist of an electric motor magnetically coupled to provide rotation to a spin 
chamber in which centrifugal force will separate liquid and gas phases from a 
inixture of hydrogen and water and also to provide an impeller for pressure rise 
with subsequent water circulation. Rotating parts shall be fully self-contained 
in the event of failure. 

In addition, the assembly shall include a speed sensor (i. e. , magnetic pickup and 
impeller) driven by a fluid coupling with the rotating water mass and conditioning 
electronic logic to open or close a solenoid valve, which is located in the hydrogen 
outlet. An in-line relief valve shall be connected in parallel at the hydrogen 
outlet to bypass the normally-closed solenoid valve. 

♦3.0 Weight : Minimal weight shall be employed in the design of end items consistent 
with compliance with requirements of this specification. Weight estimates shall 
be identified on drawings. 

*4. 0 Port Configuration: 

® Hydrogen/water inlet boss MS33649-6 

, ^ Hydrogen outlet (one or two to be defined) l/A inch Swagelok 

® Water out boss (size to be defined) MS33649-4 or -6 

Note: "NPT’' pipe threads are not permitted. 
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Electrical Interfaces and Requirements : 


115 VAC t 5%, 60 Hz, single phase Available for motor 

28 VDC ± 5%, Available for control logic and 

solenoid valve operation 


Note: 

“ Minimum power demand of end items shall be provided in the design 

consistent with requirements herein. 

® Suitable Bendix bulkhead male connectors shall be provided on the end 

items including appropriate mating female connectors. 


o 


0 


0 


The dynamic phase separator/pump assembly shall be designed to be 
ignition proof, i. e. , the assembly or components thereof, shall not be 
capable of igniting any explosive mixture existing in or surrounding the 
assembly either functioning or at standstill in accordanc^with Procedure 
n, Method 511 of MIL“STD-810B dated 15 June 1967. The separator" 
electronic controller is permitted to be "breadboarded” however, without 
potting compounds and need not be considered ’'explosion proof'. 


The djmamic phase separator /pump assembly shall be designed with 
electromagnetic interference (EMI) characteristics (emission and suscep- 
tibility) in accordance with Class No. ID equipment of MIL-STD-461A 
dated 1 August 1968. 

Electrical wiring shall be propjerly supported and routed to prevent chaf- 
ing, provide protection against sharp edges, mechanical strain, etc. , 
and conform to MIL-W-16878. Color coding of conductors of the equiva- 
lent shall be provided for identification. 

Bonding requirements in accordance with,MIL-B-5087 Class H, R and S 
as applicable. 


The motor and solenoid valve shall be .capable of withstanding for one (1) 
minute a potential of 1 000 volts RMS at 60" gradually applied to each 
connector pin and the case without damage, arcing or breakdown and shall 
have a minimum insulation resistance of 2 megohms after this dielectric 
strength test. 
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Mounting Provisions : Mounting of the dynamic phase separator /pump assembly 
shall have adequate structuriil integrity to assure compliance to this specifica- 
tion without mechanical failure or performance deterioration when subjected to: 


Acceleration '’hard” environment of Procedure„l»_Method^5^ paragraph 
3. 2. 4 with ’’Manned Aero space-- Vehicle Csitegory”. 


Vibration "hard” environment of Procedure. I, Method 514, paragraph 
4. 5. 1, Part 1 (sinusoidal vibration curve ’I’P” and time schedule I) and 
paragraph 4. 5. 2 Part 2 (random vibration curve AG), MIL-STD-810B 
dated 15 June 1967. , — 


Bench handling shock ’’bard” environment of Procedure V, Method 516,! 
paragraph 3. 7,, MIL-STD-SlOB, dated 15 June 1967. — - " 


.me mounting c’onfigurafclon of the sepa.ratoi\ electronic controller shall be desigiaed 

for Securementto a ho.t--izontal plate. ' V : . 

5 \ ■ \ : , — "i 

I 1 ! ' 1 ■ . \ . 

lTh,e Imounting cdnfigura,t3.on of the djmamic phase separator /pump 'assembly shall 
toe designed for securement .to a- cold plate whi’^h has cooling watar .flowing- there|n' ’ 
p remove heat. Tb.e djmarnic sepirrator/pump\.and cold plate will! be secured(^J_^ 
vertical pa.nel. The cold plate' is not an end item of thJm-spee-ifhfaSdn." ' ' ■ 


.permi.ss-ib-le-lVhitemal'i : 'In configuration proximit^' wi5^h the water, pesrmissifel-e- 
^.i^ater.ials are 316 or 321 AISI stainless steels, Viton "A”, Lexan or Teflon. 
Consideration of other materials wi'13. be given whe^:i presented to GE/!DECP by !, 
the vendor. No copper, iron, silver,, zinc,, cadmium or processes of brazing ! 
soldering are allov^'ed in the confitturation proximity\of the water. Corrosion ! 
reduction processes shall be introduced to those 'surW©s which are in configura- i 
tion proximity with the water; such as annealing. aaer\weiding plain 316 SST, ■ 
passivation of stainless steel apd thermoplastic coating surfaces; i. e. , fluorinatedj 
ethylen’e pohpropylene (FE.P) coating a 316 SST spin ch^amber or simiiai’ plastic 
coating! to niclcel magnetic slugs of the speed sensor. \ '■ 


Redundant Viton ’’A” 0-ring seals shall be introduced into the design in 
appropriate regions to assure no external leakage pf hydrogen to ambient. 


'•Rub v.’ear materials which could contaminate the deilvered water and/or 


hydrogen or compromise pseful life shall be minimized. 


Titanium is not permitted in the design. 


Lubrication materials are not permitted in, the design v/hich could 


contaminate the water- and hydrogen or leal: to ambient. \ 
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Electroactivity-eontact of dissimilar metals per MS33586 shall be 
avoided. 

Materials that could liberate toxic gases shall be avoided. 

The use of metallic self-locking nuts is the preferred method to secure 
the assembly detail parts. Lockwire should be considered as an alter- 
nate approach. Star washers, jam nuts, lock washers, etc. shall not 
be used. 

Assembly drawing copies with appropriate parts list, material identifi- 
cation and process specification definition shall be submitted to GE/DECP 
for review. 

Overail Envelope Dimensions and Spin Chamber Storage Capacity : 

. \ 

Minimuiri. sizing for compatibility to requirements of this specification is required. 

jDutHne-fnscs^nafibn^ copies delineating all pertinent details of the end 
items (,e. g. , pjort title and fitting identification, connector identification and pin 
designation electrical schematic , detail installation and outline dimensions , 
servicing and acceptance test notes as necessary, rated requirements, etc. ) 
shall be submitted to GE/DECP for review. 

Performance Requirements 

I 

The dsmamic phase separator /pump assembly shall be canable of continuous 
or cyclic operation in any attitude in a one GEE or zero GEE environment with 
a two (2) phase mixture of saturated hydrogen gas and "sluglet" water at 50 to 
100° F (normally 75°'E) delivered to the inlet. 

\ 

Note: A cycle is equivalenf to one (1) 94 minute orbit of 55 minutes ''on" power 

and 39 minutes "off power. 

The dyna.mic phase separator /pump assembly shall reach a sufficient speed of 
rotation for positive centrifugal separation of gas and liquid delivered to the unit 
and/or contained therein within 15 seconds of motor energization. The unit shall 
also be capable of pumping water at the specified rate and pressures within one 
(l)i minute of motor energization. 

The dynamic phase separator/purr^ shall be capable of acceptable functional 
performance at standstill, startup transient, steady state operation and/or 
shutdown transient during any attitude within an environment of one GEE or zero 
GEE and in an environment of 40 to 110° F and 0 to 14. 7 psia. 
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During transient periods of starting and stopping the unit as well as at standstill 
both gas and liquid may be transferred to or from the cavity between the two- 
phase inlet port to water outlet port depending on environmental gravity condi- 
tions, shifting and circulation of fluids in the two-phase circuit, and gradual 
consumption of hydrogen by the electrolysis system. The solenoid valve and 
relief valve must remain closed and unenergized during these periods to pre- 
vent any discharge of water through the hydrogen outlet. Also, the inlet 
passages of these components shall be designed for negligible hold up or trans- 
fer of water to the hydrogen outlet during startup. 

The dynamic phase separator assembl}'^ shall be capable of delivering a water 
flow of 10 to 30 Ib/hr with a pressure rise (from two-phase inlet port to water 
outlet port) design requirement of 10 psid at 20 Ib/hr. Simultaneously it shall 
provide phase separation and delivery of hydrogen to the hydrogen outlet port 
at the following conditions: 

® The hydrogen content of the tv^'o-phase mixture will be delivered to the 

two-phase inlet port of the unit at a flow rate of 0 to 0. 10 Ib/hr. 

® The hydrogen outlet pressure will be maintained by a downstream back 

pressure regulator (which is not an end item of this specification) at a 
selected pressure level adjustable betv'een 100 and 380 psia. The 
selected pressure level will be regulated from 0 to plus 20 psid 
respectively, from cracldng pressure to full hydrogen flow and with a 
minimum reseat pressure of minus 20 psid from cracking pressure at 
zero hj^-drogen flow. 

' The hydrogen/water volumetric mixture ratio can vary from zero to 

15., 0 coincident with maximum hydrogen flow, minimum water flow and 
minimum hydrogen outlet pressure. 

The dynamic phase separator/pump shall be capable of no external leakage, 
structural damage or performance deterioration with a proof pressure of 549 
psig or no structural damage with a burst pressure of 915 psig. . 

Acceptable functional performance is defined as: 

° No' liquid water (e. g. , sluglet or mist) is permitted in the hj’^drogen 

discharge for any conditions. The hydrogen outlet gas however, will 
be saturated with water vapor. 

° No hydrogen gas is permitted in the water discharge for any conditions. 
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® Pump pressure-rise capability and flow capacity as mentioned above. 

° Minimal power demand (watts) shall be f'mployed in the design consistent 

with compliance to the requirements of this specification. 

° Pressure drop (two phase mixture inlet minus hydrogen outlet) of 2 

psid maximum for all flows and pressures wdth solenoid valve open. 

* Integrally mounted in-line relief valve shall have a nominal relieving 

pressure differential adjustable betv'een 3 and 50 psid (between core 
pressure and H 2 outlet). Breaking of fluid connections and partial dis- 
assembly is permissible for manual adjustment. 

° No external leakage of hydrogen or water. 

Continuous Mission Rate Duty : Acceptable functional performance as defined 

in paragraph 9. 0 during steady operation for six (6) months. 

Cyclic Mission Rate Dufr^ '-; Acceptable functional performance as defined in 

paragraph 9. 0 during 5514 equivalent orbital cycles of paragraph 9. 0. 

Reliability : Useful life two (2) years. 
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WATER TEMPERATURE REGULATmO VALVE SPECIFICATION 


1.0 * F anctional Purpose ; During one GEE and zero GEE operation in any attitude 

the temperature regulating valve shall establish a constant controlled mixture- 
out temperature of hot and cold process water which is circulated to a solid 
pol>nner electrol 3 de module for a manned space station application. 


2.0 


3.0 

4.0 


5.0 


6.0 


7.0 


8, 0 * 

9.0 


* 


* 


* 

♦ 


Mechanical Description: The water temperature regulating valve consists of a 
sleeve mixing valve actuated a sealed eutectic wax actuator which is sensi- 
tive to temperature b}^ mixing hot and cold water. The valve shall provide 
forced flow of the water passed the waxed actuator for optimum heat transfer 
and sensing characteristics. 

Weigh t; 1.6 lbs. maidmurn. 

Port Configuration; Three ports (cold inlet, hot inlet and controlled mixture 
outlet) in accordance with MS 33649-6. 

Electrical Interfaces; None. ' 

; ■ ^ \ 

Mounting Provisions ; The water temperature regulating valve be secured 
at three (3) mounting points . 

Permissible Materials : 316, 321, 347, 17-4 PH AISI Stainlesi| Steels $ Viton 
”A" seal material; propriete-ry eutectic wax mixture. 

M aximum Overall Envelope Dimensions ; 6. 00" x 1. 52" x 3. 00*>. 

Pexiormance B.equirements ; 

With 170 to 200“F water admitted to the "hot-in" port and 50 to 
100"F water admitted to the "cold-in" port, the controlled mixture out tempera- 
ture of the total process water flow (10. 0 to 15. 0 Ib/hr) shall be 160 ± 5®I^, The 
valve sliall be capable of external adjustment of the controlled mix|ure out 
temperature w'itMn a range of 150 to 170°F, 

Pressure Loss: At IS. 0 PPH; less than 0. 25 psid. ’ \ 

Working Fluid: Water with dissolved hj^drogen and random gas "singlets",. 

Upstream, Pressure; 333 to 373 psig. \ 

Environment Requirements: 40 to llO^F and 0 to 14. 7 psia. ^ 

External Leakage; None, \ 

Proof Pressure: 560 psig. ' 

Burst Pi'essui’dr 933 psig. 
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10. 0 C ontinuous Mission Rate Duty . Steady state operation for six (6) months 

at 160^5® F controlled mixture outlet temperature. 

11. 0 Cyclic Mission Rate D^t:^^• 5514 temperatu»re cycles consisting of a transient 

rise to 160±5“F controlled mixture out temperature, steady state at 160±5®F 
55 min. , transient decrease to 75±5°F controlled mixture out temperature 
and then 75±5®F for 39 min. 

12. 0 R eliability : Useful life - two (2) years. 
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♦HYDROGEN ABSOLUTE BACK-PRESSURE RF^GULATOR SPECIFICATION 


1. 0 Functional Purpose: During one GEE and zero GEE operation in any 

attitude the regulator shall establish s, controlled pressure level on 
the hydrogen discharge side of a dynamic phase separator/pump in 
a water electrolysis system for a manned space station application. 


2 . 0 

3. 0* 

4. 0 

5. 0 
6.0 
7,0* 


Mechanical Description : The hydrogen absolute back-pressure regulator 
consists of a soft- seated valve actuated by a differential force of 
’'upstream” hydrogen pressure, bellows gradient, compression spring 
and "downstream.” pressure. 

Weight : 1. 60 lb. m.aximum. 

Port Configuration: MS 33649-4 inlet and outlet ports. 

Electrical Interfaces: None. 


Mounting Provisions : In-line tubing instjilled. 


Per mis sable Matema ls: 
material. 


17-7 PH, 316 AISI Sta.iiiiess Steels; Viton "A" seal 


6. 0* Ma.ximum Overall Envelope Dimensions: 1, 56’’ dia x 4. 40” long. 

S* 0 Pe rformance Requirements: 

* With 50 to 100° F mixture of hydrogen and 

water vapor supplied to the in].et, the regidator shall crack within and 
be capable of controlling the upstrearn pressure to 361 to 381 psia, 
when, passing a 50 to 100° F saturated mixtlire of 0,. 0194 to 0. 220 lb. /iir. 
of hydrogen independent of the downstreani pressure. The regulator 
shall reseat (shut off hydrogen fl.ow) at 34lpsia minimum. The 
regulator shall be capable of external adjustment of the upstream 
pressure within a ranige of 100 to 500 psia. 

Working Fluid: ' Hydrogen and water vapor. 

Allowable Leakage Rate: No internal leakage after the reseating con- 

dition has been reached; no external leakage. Note- Redundant seals 
shall be provided, for all external hydrogen leak paths except on inlet 
and outlet ”MS” ports. ■■ 

* Downstream Working Fluid Pressures: 0 psia. miJnimumj- 265 psia maxi- 
mum for 500 psia upstream pressure; 53 psia inaximum for 100 psia 
upstream pressure; 15, 5 psia nominal. 
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* Upstream Working Fluid Temperatures: oOT minimum; 100®F maximum; 

75°F nominal. 

* Proof Pressure: 572 psig maximum. 

* Burst Pressure: 1000 psig maximum limited by bellows. 

Environment Requirements: 40 to 110°F and 0 to 14. 7 psia. 

10. 0 Continuous Mission Rate Duty : Steady- state flows for six (6) months 
varied within a hydrogen range of 0. 0194 to 0. 220 lb. /hr. of 75°F 
saturated. 

11.0 Cyclic Mission Rate DuW: 5^4l?ycleriif hydirogen-Av-ater--vajiQx^^ 

"on and off', i. e. , one cycle equals 55 minutes of 75°F saturated 
hydrogen'"on" flow time at 0. 220 lb. /hr. and 39 minutes of no flow. 


3 2. 0 Reliability : Useful life - two (2) years. 
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OXYGEN ABSOLUTE BACK-PRESSURE REGULATOR SPECIFICATION 

1. 0 Fvinctional Purpose ; During one GEE and zero GEE operation in any attitude the 
regulator shall establish a controlled pressure level on the oxygen discharge 
side of a solid polymer electrolyte module for a manned space station application. 


2. 0 Mechanical Description ; The oxygen absolute back -pressure regulator consists 
of a soft-seated valve actuated by a differential force of ’'upstream" oxygen 
pressure, bellows gradient, compression spring and ''do^^’nstream" pressure. 


3,0 * Weight ; 1.60 1b. maximum. 

Configuration : MS 33649-4 inlet and outlcit ports. 


5.0 


Electrical Interfaces ; None. 


6.0 Mouating Provisions : In -line tubing ins tilled. 

\7.0 Permissible. Materials; 17-7 PH, 316 AISI Stainless Steel, Viton ’’A" seal 


- \ material. 

\ -■ .. 


8. 0 Maximum CH’-erall Envelope Dimensions : !1.5S" dia x 4. 40':' long. ‘ ^ 


9,0 Performance Requirements ; ! 

With 100 to 2()0‘’F mixture oi^o^ygen and wate^r vapor 
■ supplied to the inlet, the regulator sbill drack within and be capable . of c<!^ntrolling 
\ .the upstream pressure to 415 to 435 psia, |when passing a 1,00 to 200°F satfurated 
\ mixture of 0, 154 to 1. 750 lb /.hr of oxjigen independe.! 3 t of the dowmstream P'^essure.' 
\ The regulatoi; shall reseat (shut off ox;7gen flow) at 395 psia minimum. Th*e regu- 
lator sliall be 'papable of external adjustment of the upstream pressure •^thp a 
range of 100 to 500 psia, ! ' ; ‘ \ 


range 

\ 

Working Fluid; 


-a 


(Ihtygen and water vapor. 


Allowable Leakag^e Rate: No internal leakage after the re, seating condition Ips 

bepn beached. No external leakage. ; \1 , \ 

I V \ 

' 

^ Downstream Working Fluid Pressures: 0 psia minim.um; 265 p.sia miPfimum fo^r 
500 psia upstream pressure; 53 psia ma;xim.um for 100 psia upstream pressure:) 
15. 5 psia nominal. 


* Upstream Working Fluid Temperatures: 50'’F minimum; 250“F mai^imum; 150"F\^ 
nominal. 


\ 


* Proof Pressure; 


653 psig maximum.. 
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* Burst Pressure: 1000 psig maximum limited by bello-^\'S.. 

\ 

Environment Requirements: 40 to 110°F and 0 to 14. 7 psia. 

\ 

Continuous Mission Rate Duty : Steady-state flow for six (6) monthis varied 
within an oxygvon range of 0. 154 to 1. 750 lb. /hr. at 150°F saturate'd. 


11. 0 Cyclic Mission Rate Duty: 5514 cycles of oxygen/water yapor flow ”on aid 
off’, i. e. , one cycle equals 55 minutes of 150° F saturated ox 5 '^gen ” on" 
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WATER ACCUMULATOR SPECIFICATION 


Functional Purpose 


The water accumulator shall establish a water storage capacity during 
starting and operating transients in the water circuit of a water electrolysis system. 
It jilso shall provide three (3) position switches for identifying "empty” and "full" 
points of a smjiller volume to be used for charging the system with make-up water, 
as well as the position for "maximum stroke". 


2.0 


Mechanical Description 


The water accumvilator shall consist of a pressurized cylindrical con- 
tainer having a spring-loaded piston or diaphragm separating the water storage cham 
ber from a hydrogen chamber at a lower pressure. The quantity of water stored mil 
be dependent upon the pressure differential (pH^O - PH 2 ) as opposed bj’- a return 
spring. The differential area gained by incorporating a piston rod may be utilized 
-4oiJmiancmg forces to reduce spring force and size. The position switches shall be 
integrally mounfe!a~Xnd--p-r©vide.c^ single electrical connector, 


3. 0 


Weight 


Minimal Weight shall be employed in the design consistent with the 
requirements of this sp^^ctfication. A weight estimate of the assembty shall be iden- 
tified on drawings . \ 


4.0 


\ 

\ 

Port Configuration 


Itydi\ogen bbss 


Watet boss 


MS33649-4 

MS33649-4 


Note: \ "NPTV pipe threads are not permitted. 


,\ 

5.0 


Eleptrical Interface and Requirements 

Magneti^p^ reedWwitches \may be utilized as position switches which 
will be coimected to a I'pgic circuit (not an end item) for controlling a make-up water 
pump used for charging'^ the water accumulator. 

i Smtch Rating; 0. 25 amps resistive, 28 VDC 

' Both normally closed and normally open contacts 
available. 
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Switch Location: Three position smtches shall be installed to 
signal volume point of the water accumulator 
per Table I. 

Electrical Connector: An integrally mounted Bendix-type bui.vhead 
male connector shall be provided including the mating female connector. 

The water accumulator assembly shall be designed to be ignition 
proof, i.e., the assembly or components thereof, shall not be capable of igniting 
any explosive mixture existing in or surrounding the assembly either functioning or 
at standstill in accordance with Procedure n, Method 511 of MIL-STD-810B dated 
15 June 1967. 

Electrical vi.ring shall be properly supported and routed to prevent 
chafing, provide protection against sharp edges, mechanical strain, etc. , and con- 
form to MIL-W-16878.- Color coding of conductors of the equivalent shall be provi- 
ded for identification. 

Bonding requirements in accordance vdth MIL-B-5087 Class H, R 
and S as applicable. 

6.0 Mounting Provisions 

Mounting of the water accumulator shall have adequate structural in- 
tegritjf to assure compliance to this specification vdthout mechanical failure or per- 
formance deterioration when subjected to: 

0 Acceleration ”hard” environment of Procedure I, Method 513, para- 
graph 3. 2. 4 with "Manned' Aerospace Vehicle Category". 


0 Vibration "hard" emdronment of Procedure I, Method 514, para^aph' 
4. 5. 1, Part 1 (sinusoidal \dbration cur\^e "P" and time schedule I) 
and paragraph 4. 5.2, Part 2 (random vibration curve AG), MIL-STD- 
810B dated 15 June 1967. 

o Bench handling shock "hard" environment of Procedure V, Method 
516, paragraph 3. 7, MIL-STD-810B, dated 15 June 1967. 

The mounting configuration of the water accumulator shall be designed for secure- 
ment to a vertical plate, water side up. 
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Wetted Areas (Both water and hydrogen chambers) 

Type 316, 321 AlSl stainless steel, passivated; 316L, 321, 347 
AlSl stainless steel for welded parts, or solution anneal 
316. 

Type 316 (preferred), 302, 17-4 pH in springs. 

No copper, iron, silver, zinc, nickel, cadmium or processes of bra- 
zing or soldering is permissible in wetted regions. 

Elastomers: Teflon TFE, FEP, Viton A preferred 
Buna N acceptable. 

Corrosion protection of large, exposed non-rubbing surfaces in the 
water chamber is desired by thermoplastic coating with FEP (fluorinated ethylene 
propylene). 

Electroactivity contact of dissimilar metals per MS33586 shall be 

avoided. 

Materials that could liberate toxic gases shall be avoided. 

The use of metallic self -locking nuts is the preferred method to se- 
cure the assembly detail parts. Lockvire should be considered as an alternate ap- 
proach. Star washers, jam nuts, lock washers, etc. shall not be used. 

Assembly drawing copies wdth appropriate parts list, material iden- 
tification and process specification definition shall be submitted to GE/DECP for 
review'. 

Redundant Viton "A" 0-ring seals shall be introduced into the design 
in appropriate regions to assure no external leakage to ambient. 

Rub wear materials w'hich could contaminate the delivered water and/ 
or hydrogen or compromise useful life shall be minimized. 

Titanium is not permitted in the design. 

Lubrication materials are not permitted in the design which could 
contaminate the water and hydrogen or leeJc to ambient. 
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8. 0 Maximum CK^erall Envelope Dimensions 

5. 00 inch dia. x 24 inch long (including stroke) 

Cylinder diameter and piston stroke shall be selected to minimize 
unit volume and weight, yet maintain optimum L/D considerations for smooth strok- 
ing performance of the accumulator. 

Outline -installation drav.nng copies delineating all pertinent details of 
the water accumulator assembly (e.g. , port title and fitting identification, connector 
identification and pin designation electrical schematic, detail installation and outline 
dimensions, servicing and acceptance test notes as necessary, rated requirements, 
etc. ) shall be submitted to GE/DECP for re\T.ew. 

9.0 Performance Requirements 

The water accumulator shall be in any attitude under cyclic operation 
capable of providing water storage capacity as a function of water pressure minus 
hydrogen pressure differential (PH 2 O - PH 2 ) according to Figure 1. The volume set- 
tings for switch positions are indicated with tolerances provided in Table I. 



(PH 2 O - PH 2 ) Diff, Press. - psid 
Figure 1 
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2 . 

3 . 


Switch 

Position 

’’Make-up HgO on” 
* ’’Make-up H2O off” 
’’Max. Stroke” 


\ 


GENERALtii ELECTRIC 


Table I 




No: 73B=490-&f6 
Page 5 of '6 


Volume 

Point-in. 


3 


Percent Storage Capacit\>- 

Nominal 


S^^itch Location 
Tolerance 


0 

5 


0 

25 


0 - 10 
22 - 28 


K‘ 

\ \ 

\ '■ 

\ 


20 


100 


90 - 100 


♦Adjustable switch position is desirable, unit disassembly permissible. \ 


} 

Provision shall be made in the water accumulator design for adjus'i-- 
ment of the return spring force as indicated by Figure 1. Unit disassembly for 
spring adjustment or for replacement vith a spring of different size is permissible. 
Alteration of stroke leng1;h beyond 20 cubic inch capacity is permissible for spring 
adjustment. 


Hysteresis due to friction shall be minimized to provide repeatable, 
smooth stroking within ± 10?c of a mean linear pressure differential versus stroke 
characteristic. 

Fluid Media: 

Water Side: Distilled water 

Hydrogen Side: Saturated hydrogen with possible water condensate. 

Hydrogen Pressure: 

Range: 100 to 365 psig 
Design Point: 365 psig ty 

Water Pressure: 

Greater than hydrogen pressure per Figure 1. 

Maximum Pressure: 425 psig 


— Gase Proof Pres sui^T 'BB 7 psig 

Case Burst Pressure; 1060 psig 

Internal Seal or Diaphragm Differentisil Proof Pressure: 
100 psid either direction 
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External Leakage: zero hydrogen or water at proof pressure 

Internal Leakage: zero, water at proof pressure; pHgO^pHg 

5 cc/hr hydrogen at proof pressure: pH 2 ^ PH 2 O 


Environmental Conditions: 

Ambient Pressure; 0 to 15 psia 
Ambient/Fluid Temperature; 40 to HOT 
Gra\dty: 0 to 1 g any direction 


10.0 


Dut^^ Cycle 


Acceptable functional performance as defined in paragraph 9. 0 for 
the following inclusive duty cycles. 


Percent "Maximum Stroke" Cycle 
0 - 100 - 0 

0 - 25 - 0 

± 2 at a.n 3 ^ point 


Rate 

one per 94 minutes 
three per hour 
one per minute 


Total Cycles for 
6 Months Mission 

5, 514 
15, 000 
262, 000 


11.0 


Reliability : Useful life (2) years. 
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ArRCRAFT 

EQUIPMENT 


GENERAL ELECTRIC COMPANY , DIRECT ENERGY CONVERSION PROGRAMS 

50 PORDHAM ROAD, WILMINGTON, MASS. 01887, Phone (617) 657-4610 


DIVISION 


April 3, 1975 


National Aeronautics and Space Administration 
Johnson Space Center 
Houston, Texas 77058 

Attention: Mr. R. B. Martin 

Mail Code EC 39 

Subject; SSP 27-Cell Electrolysis Module Failure Analysis, 

Refurbishment, and Checkout by General Electric 
Companj^ Direct Energy Conversion Programs 

Gentlemen: 


The follomng is a chronology of the pertinent observations, measurements, and opera 
tions made by General Electric Company (GE) as part of the failure analysis, rebur- 
bishment and checkout of the SSP electrolysis module as received from NASA/JSC on 
March 3, 1975. 

March 3, 1975 

1. Removed module, delivered by R. Reysa, from carton - no apparent damage. 

2. Checked all cells for electrical shorts using the capacitor charge technique 
with a Simpson Voltmeter. No shorts in all cells. 

3. Measured 1000 Hz impedance of 27 cell stack (0. 054 ohms) and of each cell 
(0. 0016 to 0. 0021 ohm range) which compared closely with measurement 
(0. 00158 to 0. 00189 ohm range) made during original buildup by GE on 
September 12, 1973. 

4. Pressurized oxygen side with nitrogen at 22 psig. Gross leakage out H 2 ports 
to atmosphere was observed. Closed both H 2 side MDV's and raised pressure 
to 50 psig. No overboard (gasket) leakage was apparent. 
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5. Set up module in a test hood vlth DC power supply, feed water pump at 5 to 7. 0 
psig, and H 2 and O 2 sides vented approximately to atmospheric pressure. Dur- 
ing electrolysis operation at about one ampere, all cells exhibited expected 
voltage level (1. 48 VDC). 

6. Measured the outside distances of end plates and residual break away torque 
tension tie bolts. Values were essentially as measured at NASA/JSC prior to 
delivery to GE/DECP. 

7. Removed module bellyband, tie rod nuts, belleville washers, and rear end plate. 
Cell No. 27 was removed and inspected. No gasket damage was evident and the 
imprint of the gasket dual bead rings on the cell solid polymer electrolyte (SPE) 
membrane was not severe enough to cause damage or leakage. Some corrosion 
of the anodized aluminum end plate was caused by water trapped in the pressure 
pad area during assemblj\ This corrosion cannot reach the cells or interfere 
with module performance or sealing capability. 

March 4, 1975 

1. Measured about 0. 06 to 0. 09 inch growth in stack height over night as evidence 
of gasket recovery mthout load, since the tie rods were not installed. Retorque 
tie bolts to 45 inch-pounds to r evaluate gasket seal. 

2. Pressurized oxygen side with nitrogen at low pressure shoving gross leakage 
as before. 

3. Supplied a mixture of 5% H2/95% N 2 first to O 2 (dead ended) side and purged H£ 
side with air. Fuel cell charging capabilit 3 * was under 0. 2 VDC for most cells. 
Reversed the gas supplies to provide 5 % H2/95% N 2 to H 2 side, air to O 2 side. 
Cell Nos. 3, 6, 10, 12, 13, 14, 17, 18, 19, 20, 22, 23, 25, 26, 27 evidenced 
open circuit values under 0. 4 VDC. Test was not considered conclusive in loca- 
ting cells with cross membrane leakage because of blockage and masking effects 
of entrapped residual water in the cells from electrolysis operation. 

4. Module disassembly was initiated and using a plexiglass clamping fixture cell 
assemblies (M&E plus screens and gaskets) from No. 27 down through Cell No. 
22 were leak checked at about 1/2 psi air pressure with the active area sub- 
merged in water. Because the air pressure would distend the membrane and 
wrinkle the protector ring welded to the screens, allowable pressure was very 
limited to the 1/2 psi value. No bubbles as evidence of leakage were observed. 
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Marchs, 1975 

1. Continued leak checking. Cells 21 down through 17 showed no leakage. 

2, The module with its 16 remaining cedis was compressed using ”C" clamps on 
the end plates and leak checked for cross membrane lealeage. Gross leakage 
still existed. 

3, Remaining cells mth their associated screens were individually tested for 
leakage. Cell No. 4 was found to have a small pin hole in the membrane at the 
edge of the catalyst region near the H.2 outlet port. Pin hole was only detectable 
by holding cell against a fluorescent light background. The tongued portion of 
the H2 side screen protruding into the H2 outlet port showed evidence of slightlj^ 
brown oxidized surface. The oxygen side of the membrane showed a fanned out 
region from the hole exhibiting cracked catalyst, whereas the H 2 side showed 
indentations or dimples (between screen openings) resulting from membrane 
heating and distortion from H 2 > O 2 pressure differential.' The hole itself was 
fish-mouthed toward the H 2 side indicating O 2 over pres.sure. Inspection of 
adjacent screening did not reveal any barbs or broken str-ands which might have. - - 
caused the membrane puncture. 

4. Measurement of the screen and gasket thickness showed the molded gaskets 
averaged 0. 030 to 0. 031 (0. 025/0. 029 per drawing in the flat unbeaded region), 
whereas the screens were 0. 023 for a difference of 0. 007 to 0. 008. Bead height 
was about 0. 011 inches on each side. Assuming 100% impression of the beads 
and as confirmed by stack/component measurements during stack assembly and 
from component and overall stack dimensions an average 0. 008 inch rubber de- 
flection per cell was calculated. This calculates to about 7. 5 percent compression 
of 0. 106 inch rubber per cell (2 x 0. 0305 cell gaskets plus 0. 045 manifold gasket) 
in the flat region. The torque region at the manifold ports has the lowest loading 
or gasket pressure and in view of the 0. 007 inch height difference was vulnerable 
to local unloading of the gasket due to rubber relaxation, O 2 /H 2 mixing in the 
manifold region and high pressure differential and local heating which damaged 

the cells. 

March 6, 1975 

1. Measurements of cell gaskets revealed that the gasket? were molded 0, 001 inch 
thicker in the O 2 and HgO port region than at the H2 outlet port region. Since 
the stack assembly contains 54 cell gaskets, the 0. 054 inch total differential ex- 
plained the apparent tendency toward non-parallelism of end plates during tight- 
ening of the bolts with uniform torque measurements. It also may explain the 
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1. Continued 

tendency toward unloading and possible leakage of the gasket in the H2 outlet 
port region. 

2. Review of NASA/JSC data from testing on 2-19-75 showed evidence of module 
cross membrane (or manifold) leakage, i. e. , fairly rapid increase of about 1 
psi/min in oxygen pressure, during the period of holding H 2 side pressure at 
30 to 35 psig for system pressurization and startup. 

3. The test data on 2-19-75 at 1:57:36 BARS time showed an oxygen pressure decay 
rate of 1. 6 psi/min during the shutdovm period which sharply increased and re- 
sulted in severe manifold lealmge and probably primary cell damage when the 
oxygen pressure suddenlji' dropped from 10. 4 to 7. 70 psig as the module voltage 
dropped from ,26. 16 to 7. 41 volte in 7. 3 seconds at about 2:00:00 BARS time. 

This abrupt loss of ox 3 '^gen pressure and cell voltage occurs when rapid hydrogen 
admission to the O 2 side consumes most of the oxygen vdthin the cell screen 
cavitj^ and at the electrode with local temperatures which can soften and damage 
the SPE membrane. Further testing the same day revealed normal cell operation 
and lower oxygen pressure decay rates during subsequent shutdovms probably due 
to resealing of the gaskets due to rubber expansion at higher module operating 
temperature. At oxygen pressures under 20 psig or at H 2 > O 2 pressure dif- 
ferentials greater than 25 psid during shutdown further evidence of ^cessive 
leal^age was revealed by an increasing oxygen pressure (3:05:14 BARS time) as 
h 3 ^drogen (and water) leaked into the oxygen side. 

March 7, 1975 

1. A repeat of individually leak checking of cells was performed with the screen 

assemblies removed in test fixture up to an air pressure of 31 inch water column. 
Found Cell No. 7 a leaker from a small pin hole in addition to Cell No. 4, and 
rejected Cell No. 8 because of overheated damaged area in the sealing region near 
the O 2 port. Cells No. 1, 2, 3, 5, 6, 9, 10, 11, 12 and 13 showed no evidence 
of leakage by air bubble formation inside the flooded catalyst area 

March 10, 1975 

1. Completed individual leak checking of cells and rejected Cell Nos. 17, 18, 19 and 
26 because of leakage. Discovered air pressures as high as 18 and 26 inch 
W. C. in two cases which were required for air bubble break through because of 
water sealing of the small pin holes at lower pressures. 
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2. Pressed a sample cell assembly (using No. 4 M&E assemblj^) including pressure 
pads in Wabash hand press up to 12 ton load to measure gasket deflection and to 
visually inspect afterward for any signs of excessive embossing of separator 
sheets in the port area from 0. 005 shim. Sample OK. 

March 11, 1975 

1. Visually inspected all cells under a microscope first using the rejected lealang 
cells as a referexice. All cells showed some evidence of locally cracked catal- 
yst from overheating, particularly on the O 2 side near the O 2 port or dimpling 
or cratering between screen openings on the Hg side due to softening of the SPE 
membrane and Hg ^ O 2 differential pressure. Cell Nos. 10, 13, 20 and 22 were 
rejected on the basis where opposite sides both showed local damage as described. 

March 13, 1975 

1. Reassembled module with 16 cells (1, 2, 3, 5, 6, 9, 11, 12, 14, 15, 16, 21, 23, 
24, 25 and 27) having been refurbished as follows: 

a) The bolt holes in the 0. 005 inch thick niobium separator sheets were 
elongated 0. 03 to 0. 06 inch, sheets were reflattened, solvent cleaned, 
vapor degreased and ultras onically cleaned. Voltage tabs were spot 
welded to edge of separator sheets. 

b) Eyelets on the protector rings surrounding the manifold ports were 
trimmed off to increase gasket sealing area. Other electrolysis hjird- 
ware. has shovai this eyelet to be ineffective in protecting the silicone 
rubber from the SPE and could interfere mth sealing capability. 

c) Gasket and screen assemblies were cleaned in water and gaskets were 
re-attached to protector rings using silicone rubber adhesive as required. 

d) Niobium shims 0. 005 inch thick were tack welded to screens in the 
tongued port region on the side facing the separator sheet to accommodate 
the unequal assembly thickness. 

e) Removed VTinided and damaged teflon sleeving from tie bolts and applied 
heat shrinlable polyolefin HS-101 tubing (Original 0. 280 O. D. x 0. 12 inch 
wall, Manufacturer: Insvdtab, Inc. , Waltham, Mass. ). Original heat 
shrinkable teflon tubing was not in stock and would require seven to 10 
days delivery time. 
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f) Made eighteen 1. 30 inch long stainless steel spacer sleeves for tie bolts 
to compensate for reduced stack width of eleven cells left out. 

g) Reduced width of sheet metal band surrounding module to 3. 50 inches 
and removed harness for measurement of cell voltages 17 through 27. 

h) Measured belleville washer stack height and module end plate distances 
at tie bolt torque values of 45 and 60 in-lb and let sit overnight. 

March 14, 1975 

1. Electrically checked all cells for shorts, and shorts to ground with Simpson 
meter. All cells OK, 

2. Measured residual torques on tie bolts (46 in-lb average) and retorqued to 75 
in-lb. 

3. Pressurized H 2 side with N 2 at 50 psig and measured 41. 2 cc/min out O 2 port. 
This was excessive. Reduced N 2 pressure to 50 inch H 2 O and leak was hardly 
detectable by H 2 O slug movement in 1/4 inch tygon line. Increased N 2 pressure 
and measured 6. 4 cc/min leakage at 7. 2 psig (6, 4x = 45 cc/min). 

Conclusion; Probable sealing of very fine pin hole with water at bubble points 
under 50 inch HgO. 

4. Disassembled module and individually leak checked each cell mth air at 40 psig 
while clamped between the module end plates with four "C clamps. Found 
original Cell No. 5 leaked and all others OK. Subsequent microscopic inspec- 
tion of Cell No. 5 revealed an isolated region of cracked catalj^st on the O 2 side 
about two inches from O 2 port A small isolated dimple and hole was also visible 
on the opposite side. 

March 17, 1975 

1. Reassembled electrolysis module with 15 cells in following order 1, 2, 3, 6, 9, 
11, 12, 14, 15, 16, 21, 23, 24, 25 and 27 in positions 1 through 15. 

NOTE: (With the removal of original Cell No. 5 from position No. • 4, voltage 

tabs of positions 4 through 15 are labeled (under bellyband) 5 through 16 
consecutively. ) 

Measured belleville washer stack height and end plate distances at tie bolt torque 
values of 15, 30, 45, 60 and 75 inch-lbs. See data in Table I. 
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2. Leak checked module with H 2 side pressurized wdth N 2 at 50 psig and measured 
3, 5 cc/min out O 2 port. Calculated theoretical N 2 diffusion through 15 cells 

at 50 psid is 3. 67 cc/min. 

3. Discussed observations and conclusions of failure analj^sis to date and module 
refurbishment with R. Gillen, NASA/JSC during his brief visit to GE/DECP in 
late afternoon. Presented him with M&E of failed Cell No. 4 and additional cell 
parts for NASA inspection. 

March IS, 1975 

1. Measured w'asher and end plate distances, residual torques (average 63 inch-^ 
lbs) and retorqued to 75 inch/lb. 

2. Pressurized H 2 and O 2 sides in common with air at 50 psig and module submerged 
in water tank. Observed no visible leakage, 

3. Assembled module dolly base to front end plate, connected voltage leads to volt- 
age tabs using teflon insulating tape, and attached sheet metal band with hose 
clamps. 

4. Retorqued tie bolts to 90 inch-lb and recorded measurements. 

5. Placed assembled module in air circulated oven at 12 OOF at 1600 hours. 

6. Informed R. Reysa, B. Pond, NASA/JSC by telephone to reduce power supplj'- in- 
put to 34 VDC and to reduce output power conditioner shutdown, voltage to 29 to 

30 VDC by altering resistors in emergency controller. 

March 19, 1975 

1. Removed module from oven at 122°F at 0815 hours and measured residual 
torques, belleville washer heights and end plate distances while still hot. 

2. Insitalled module in low pressure test hood with compound gages at H 2 and O 2 
ports and operated at 2 ampere load. Found Cell No. 1 partially shorted by volt- 
age tab against negative terminal plate and with lead wires of cell position No. 14- 
and No. 15 reversed. Added additional electrical insulation and corrected re- 
versed wires. Short test with Simpson meter showed all cells OK. 
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3. Operated electrolysis modtile at 5 to 7 psig water input pressure and approxi- 
mately 0. 5 psig 02 and H 2 output pressure, with applied loads of 2, 10, 20, 30, 
40, 50, and 60 amperes. Normal cell voltages (all under 1. 66 VDC @ 60 
amperes) were recorded on all cells. 


4. 


5. 


Closed off valves at H 2 O in, H 2 out, and O 2 outlet ports while monitoring pres- 
sure on H 2 and O 2 cavities with compound gages. After 54 minutes (lunch hour) 
H2 pressure was 2.2. 5 inch Hg vacuum and O 2 pressure was 10. 9 inch Hg vacuum. 
Because some residual water is trapped in the H 2 side and tv^o volumes of H 2 
gas are consumed for each volume of O 2 gas to form water, in time all H 2 would 
be consumed and O 2 would occupy both sides at equal pressure. This is called 
an ’’oxygen takeover". Test was repeated after a few minutes of electrolysis 
operation monitoring module voltage and pressures for 25 minutes with values 
plotted in Figure 1. 


After module operation at 10 amps and shutdown, the O 2 outl^fv^alww^- closejd _ 
and H 2 side valves remained open allowing communication with the water supply 
at atmospheric pressure. The data plotted in Figure 2 was recorded over a 45 
minute period of an eventual "hjrdrogen takeover". These tests demonstrated the 
behavior of the electrolysis module with regard to voltage and gas pressures after 
shutdown at atmospheric pressure. Decay rates would be affected by the gas 
pressures at shutdown and the trapped volumes on each side. The ability of the 
module in this test to support a vacuum condition and differential pressure over 
a one hour period of time verified the integrit 3 ' of the cells and gasket seals. 


March 20, 1975 


1. Measured residual torques (68. 8 in-lb average), module dimensions and retorqued 
tie bolts to 100 in -lb. 

2. Purged H 2 side of residual water with nitrogen and conducted cross membrane 
leak check with H 2 side pressurized with N 2 at 50 psig. Measured 4. 16 cc/min 
out O 2 port which was acceptable. 

3. Purged and pressured H 2 side with helium gas to 50 psig and measured a rate of 
20. 2 cc/min out O 2 port at atmospheric pressure. Because of the high diffusion 
rate of helium gas through the SPE, nitrogen gas is normally used for multiple 
cell cross membrane leak checks to avoid masking of a pin hole leak. 

4. Retorqued tie bolts to 100 in -lb and recorded dimensions in Table I. Checked 
cells for shorts. All OK. 
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5. Attached handles, brackets, and packed for shipment 

NOTE : Rear end plate was discovered rotated by one bolt hole such that rear 
handle is tilted 20®. It was left in this manner to avoid delay in 
shipment 

March 24, 1975 

1, Electrolysis module delivered to NASA/jSC by A. C. Erickson, GE/DECP. 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations are provided to NASA/JSC which have 

resulted from the module failure analysis, refurbishment and subsequent oxygen genera- 
tion system testing at NASA/JSC. 

1. Electrolysis module failure is attributed to unloading of the cell gaskets in the 
fluid port area, over a 20 month period, which resulted in leakage from the 
h 3 '^drogen manifold into the oxygen screen cavity of one or more cells at a pres- 
sure differential greater than 20 psid. This was caused by inadequate local 
compression of the gasket for the reasons described herein (See chronology date 
March 5, 1975). 

2. The refurbished module contains 15 of the 27 damaged original cells w’hich ex- 
hibited normal performance and sealing capability as demonstrated by electroty-. 
sis operation at full load and from supportive- leak checks. The integrity of the 
damaged SPE membranes is unknown, and cross membrane gas diffusion rates 
should be monitored during periods of high H 2 > O 2 pressure differential as 
during initial pressurization and after removal of electrical load. Based on ob- 
servations made during system tests at NASA/JSC on March 27, 1975, an ox 3 ^gen 
side pressure rise of about 3. 0 psi/hr appears normal during system pressuriza- 
tion with the H 2 side at 30 to 35 psig. Also, an oxygen side pressure decay rate 
of 0. 7 psi/min was measured after load removal at operating pressures. Abrupt 
or severe departure from these rates would indicate excessive cross membrane 
lealiage and the module should be leak checked on the bench with nitrogen gas. 

3. Detection of hydrogen in the oxygen output stream was provided in the oxygen 
generation subs 3 ^stem, as designed, by two combustible gas detectors at the 
oxygen discharge to atmosphere. This capability was lost b 5 ^ the installation of 
an oxygen output line to a saturator, wet test meter and discharge outside the 
building at NASA/JSC* Some means of continuous detection of hydrogen in the 
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3. Continued 

oxygen stream is recommended during electrolysis operation to stop system 
operation thus avoiding a mixture buildup in dovvTistream components. A brief 
discussion of electrolysis module failure as experienced on Februarj’^ 19, 1975 
at NASA/JSC and the potential safety hazard is offered. Internal cross mem- 
brane leakage as experienced, results in the mixing of hydrogen and oxygen 
within the screen cavity and combination at the electrode catalyst with the gen- 
eration of heat. For the rates involved, the relatively high activity and surface 
area of the catalyst to the small cell volume occupied bj^ multi-layered screen- 
ing prevents the accumulation of a mixture in an explosive volume. During 
electrolysis operation, the continuous supply of vuter for heat removal and the 
self -quenching capability of water leakage along with any hydrogen admitted to 
the oxygen cavity results in relativety unaffected module operation as experienced 
on February 19, 1975. Depending on the size and location of the leakage point, 
some hydrogen may bypass the catalyst area and be carried out the oxygen mani- 
fold which is a small tube like volume formed by the alignment of holes in the 
stack of rubber gaskets. Because of the process and configuration described, 
the formation of a quantity of gas mixture and an amount of energj^ which could 
result in an internal pressure rise or rupture of the assembly or components is 
extremely remote as demonstrated by the 27 -cell module failure. Rather, it has 
been found from pressure tests that a gasket-type assembly as used in the module 
design provides a self -venting feature by local separation or displacement of the 
gaskets. 

4. The beaded gasket design was introduced for the first time into the SSP electroly- 
sis module delivered to NASA/JSC. Since only short-term acceptance tests were 
emplcj'^ed before shipment, no continuous long-term evaluation of the design and 
ensuing rubber relaxation phenomena was possible. It is felt that the molded dual- 
bead sealing concept is a sound design and failure in the manifold region was due 
to inadequate control of tolerances and rubber deflection under load. Because it 

is difficult to maintain the tolerances in rubber fabrication as closely as desired, 
future compensation will be made by the adjustment in the pressed, height of the 
cell screen package. That is, shims or stops will be used during manufacture 
of the multi-layered screen package to provide a difference of 0. 002 to 0. 004 inch 
between the measured face rubber thickness (flat region) and screen assembly as 
adjusted. Previous flat gasket design criteria employed a nominal 10 percent ini- 
tial rubber deflection during assembty'^ for sealing internal gas pressures up to 
100 psig. Local rubber deflection in the beaded gasket during module assembly 
could be 50 percent in the beaded region and was calculated at 10 percent in the 
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4. Continued 

flat region from end plate measurements. It is recommended that periodic 
measurements at 2 to 3 month intervals be made of belleville washer stack 
height (See Table I) and the tension tie bolts should be retorqued to 90-100 inch- 
lb when average washer height expands beyond 1. 750 inches. 

Very truly yours, 


A. C. Erickson 

Project Engineer - Electrolysis System 
Building lA 

Tele. No. : (617) 657-4698 
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